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Pipeline network contributes a very significant capital investment in a chemical plant. 
After long service, leakage may occur in a pipeline network as a result of corrosion or 
continuous operations under severe operating conditions. Not only does leakage may 
lead to millions of dollars loss but it may also cause serious environment problems. So 
a method to predict and plug the leakage quickly and accurately is needed. 
In order to make an accurate prediction on the location of leakage in the pipeline 
network, the detailed analysis of pipeline network is necessary. It is known that the 
behavior of pipeline network is governed by Kirchhoff’s laws and the topology of the 
pipeline network. In 1936, Hardy Cross first devised the systematic methods of 
balancing heads and balancing flows for steady state pipeline network calculation. 
Since then, there are many other methods to analyze the properties of network, such as 
liner theory method, linear graph theory method. The transformation method used in 
this study has been found to be robust and reliable and it does not have the 
convergence problems that are faced by the traditional methods. Hence, it is highly 
recommended for the application in the area of distributing systems.  
In this study, we use the transformation method to analyze the change of the flow rate 
in pipe network with varied location of leakage in the branch and the changing ratio of 
flow rate in each branch under the leak condition. The result of the change behavior on 
the flow rate in network is very useful to provide a pattern and a way to predict the 
leakage location in the network. When using the change ratio to analyze the network, 
 vi
we find that it is even more useful in predicting leakage in practical situation. The 
greatest or smallest effect of change ratio mostly occurs in the leaking branch having 
low initial flow rate. However, it may not give a clear trend when the leaking branch 
has a high initial flow rate. In order to reduce the effect of the initial flow rate in 
prediction, we use the change ratio-B which only considers the difference in the flow 
rates and leak flow to analyze the network behavior. It is found to be more reliable in 
finding the leakage location in the network. 
Two simple prediction methods are developed based on the patterns obtained from the 
analysis of the network. They have been applied to predict the leakage location in the 
network, and the results show that they are effective in reducing the time used in 





A   matrix or transformation tensor used for the nodal approach 
B   branch to node to datum incidence matrix 
C   matrix or transformation tensor used for the mesh approach 
D   diameter of pipeline, m 
E   covariant tensor for pressure source across a branch or a path, N/m2
e   covariant tensor for pressure drop across a branch or a path, N/m2
f   Darcy’s friction factor 
g   acceleration of gravity, m/s2
fh   friction head loss in pipe 
I  contravariant tensor for flow due to external input-output on a branch or a 
path, m3/s 
i  contravariant tensor for flow due to other cause on a branch or a path, m3/s 
J  contravariant tensor for total flow on a branch or a path, , miIJ += 3/s 
 Jacobian matrix in Newtop Raphson method 
L  length of pipe, m 
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V  covariant tensor for pressure drop due to impedance, eEV += , N/m2
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Chapter 1 Introduction 
Chapter 1   Introduction 
 
A piping network system is a collection of pipes connected together in a specific way 
according to the demand. At junction nodes, external flows may enter or leave; 
elements such as valves, compressors, regulators, pumps, reservoirs, bends and 
measuring equipments may be connected. Pipeline network is a very important part of 
Chemical Engineering. There are many pipeline networks used in the chemical process 
industries, petroleum refineries, municipal corporations and long distance 
transportations of oil and gas.  
After long services of pipe networks in the chemical plants, leakage may occur in the 
network as a result of corrosion or continuous exposure under severe operating 
conditions. It is recorded that in the oil and gas industries, billions dollars worth of 
materials are transported both on land and sub-sea via pipelines every year, and even a 
small percentage loss can represent events with considerable economic impact (Peter 
Black, 1992). At the same time it will also cause significant impact on the environment. 
So a method to predict the leakage more quickly and accurately in the pipeline 
networks is needed when leakages happen. 
In order to make an accurate prediction on the leakage of the pipeline network, the 
detailed analysis of pipeline network is necessary. There are some articles in the 
literature about the pipeline network analysis since 1970 (Mah and Mordechai 
Schacham, 1978). 
A typical process of prediction of the leakage on the pipeline network usually starts by 
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collecting information of changed branches in pipeline system. So it can be seen that if 
the information of changed branches can be rapidly and accurately detected, then not 
only higher accuracy and consistency in analysis can be achieved, but also the 
significant time and money can be saved in the leakage finding process. 
After many years’ developments, there are many leakage detections or predictions 
methods applied in the industry. One class of the method is the Sensor-based method. 
Most methods in this class are to use acoustic monitors to detect the rarefaction 
pressure waves that are generated at the instant a rupture occurs (Peter Black, 1992). 
This negative pressure wave can travel distances quickly, and it has become a useful 
way in the rapid detection of leaks in the large network. Other method in this class 
relies on the detection of the noise created by a leak. But these methods have their 
inherent flaws, for example, during operation it is very difficult to ensure adequate 
filtering of extraneous signals to keep the accuracy of the method and on the other 
hand, all these methods can be every expensive compared to other methods. 
Other class of method which is widely used in industry is Model based leak detection 
or prediction. The modeling of single phase pipeline flow has become a mature science 
now, and large networks can be solved extremely fast with high accuracy. By 
restricting the boundary conditions for simulations of flow conditions in the line, it is 
possible to use the computed data to predict the volume flow changes and pressure loss 
in the pipeline network, and then to find the leakage location. 
In a pipeline network, when leakage occurs, the flow rate in branches and the pressure 
drops across the branches may be found to have changed from its original condition. 
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So by studying the changes we can find the trend of flow change behavior within the 
network with leakage. Then based on the trend we have found, we attempt to set up a 
method to predict the location of leakage in the network by which we can save the time 
of searching leaks. 
In this thesis, the analysis of pipeline network is defined as the determination of the 
flow rates in the pipes, pressure drop along the pipeline and pressures at the junction 
nodes for a given structure of network. The solutions of the pipeline network will 
provide useful information for maintaining an existing pipeline system, examining the 
changes in the pipeline network and predicting the location of leakage. Methods of 
leak detection and prediction in the network are reviewed in Chapter 2. The 
fundamental concepts of the steady flow analysis in the network are introduced in 
Chapter3. In Chapter 4 the matrix transformation method for steady state pipeline 
network analysis derived from the graph theory and transformation approach is 
discussed. By changing the location of leakage on the different branches, results of 
analysis are collected and a simple pattern is concluded in Chapter 5. In Chapter 6, a 
method to predict the location of leakage is demonstrated. Finally, conclusions from 
the present research are presented and the recommendation of further work is also 
given in Chapter 7. 
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Chapter 2 
Review of leak detection and prediction in pipeline networks 
 
2.1 Introduction 
The importance of pipeline leak detection and prediction in fluid and gas transportation 
has been recognized for a long time (Peter Black, 1992). This is not only due to the 
economic impact of loss in capital for an industry which amounts to billions of dollars 
annually but also the potential serious environmental damage and potentially great 
impairment of personal safety that may arise. 
It is vital that a detection or prediction system is sensitive enough to provide fast and 
accurate notification of significant leaks. Many methods have been involved to 
improve the accuracy of the detection and reduce the time used, such as sensors-based 
methods, model based leak detection, etc. Most of them have been used in the industry.  
In this chapter, some technologies which are now used in the industry will be reviewed 
and new methods or theories will also be introduced. Advantage and disadvantage of 
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2.2 Frequently used detection methods 
It was stated that every year oil and gas with a value measured in billions of dollars are 
being transported both on land and sub-sea (Peter Black, 1992), and even a small 
percentage loss can represent events with considerable economic impact to the industry. 
How to select a reliable detection system is a problem faced by engineers. In this 
section most frequently used methods for the detection and prediction of leakage in 
pipeline network will be reviewed and new developments of these methods will also 
be introduced. Of course, none of these methods is without its own particular 
advantages and disadvantages; at the end of this chapter, a conclusion will be drawn 
based upon the discussion of most methods’ advantages vs. disadvantages. 
 
2.2.1 Observation 
One of the easiest ways to detect leakages is to patrol the pipeline on a regular basis 
and make visual checks on the integrity of the network. For a simple network 
containing innocuous products this method is good but it is unsuitable for the sub-sea 
lines or inefficient and uneconomical for large and complicated network. 
On the other hand, sometime an odor may be provided for non-noxious gases through 
the injection of chemical additives. But the effectiveness of this method may be 
reduced depending on the weather condition, in the rainy day this method is invalid. 
 
The disadvantages of such methods are obvious; they offer little promise of prompt 
detection and minimal reassurance in terms of reliability and for a large and complex 
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network such methods are labour intensive and therefore uneconomical. The only 
advantage for this method is that it is easy to operate and low requirement to the 
operators. 
 
2.2.2 Sensor-based Methods 
When the leaks happen, the rarefaction pressure wave is generated (Peter Black, 1992); 
according to its physical properties, it can be detected by acoustic monitors. Since the 
wave can travel long distances very fast so it provides a particularly useful way for the 
rapid detection of leaks on the pipeline network. In practical situation, whenever a 
pressure wave is detected it will be analyzed by professional software. 
But such methods are also not as stable as expected, since the accuracy of this method 
can be affected by the location of the instruments in relation to bends, pumps, and etc. 
Also, if there are other noise sources in the network, false alarms may be detected by 
the sensor-systems. This method is also more expensive than others. 
 
It can see that this method is good for rapid detection of leaks in the network but the 
flaws in this method is also obvious that the high initial capital investment of this 
method is higher than others and it is difficult to design a detection-software to each 
kind of network. 
 
2.2.3 Modeling Based Leak Detection 
The modeling of single phase pipeline flow is now a mature science, and large 
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networks can be solved quickly with high accuracy by this method (Peter Black, 1992). 
Normally the development and implementation of a model based system require a 
good simulation tool. For instance, the selections of boundary conditions or the 
response to loss of instrument data, or intermittent bad measurement are crucial to the 
performance of leak detection system. In addition, properties of the fluids may also 
influence the sensitivity of the system. 
 
The equations of conservation of mass, momentum and energy are applied to solve 
pipeline network as the basic equations. For example, Billmann (1987) recommended 
a method using the modeling of leaks. In each element of length dz of the pipe, the 



















1 ρρ                        (2.2) 
Where ρ  = density,  
w = velocity of flow,  
p = pressure, 
z = length coordinate, 
t = time coordinate 
The influence of the friction is represented by F and the geometric height influence is 
represented by H. 
For the above system, there are many different basic equations for these system models. 
L.Billmann and R.Isermann (1987) recommended an enlarged pipeline model which 
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can be used as the basic relation for several leak detection methods: 
( ) ( )[ ] LkNkkkk BqppshxxfAx ++= ++−−+ 110111 ,,,, λ                 (2.3) 
In which B is the leak influence vector which depends on the leak location, h is the 
height correction vector andλ is the friction coefficient.  
 
It can be observed even though it is quite difficult and complex in selecting a suitable 
model and setting up the relationship between the elements of the network, it can still 
provide a trend for the development of the leakage detection. Some newly developed 
methods are based on the idea of the modeling method, such as software-based 
method. 
 
2.2.4 Volume Balance 
It should be mentioned that this method can only be used for incompressible fluid. The 
principle behind the volume balance approach is the conservation of volume at a 
standard condition. So it is used frequently in pipeline network analysis since it is 
simple to be implemented. For incompressible fluid under the conditions of steady 
state, the law of Conservation of Mass can be reduced to simply the net volumetric 
flow rate entering the network must equate to that of the net flow rate leaving the 
system. This is valid even with the presence of leakage. 
We can use this equation to represent the situation of the pipe problem: 
outinL VVV −=                                  (2.4) 
In which VL is the leakage volume, Vin is the inlet flow and Vout is outlet flow. 
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Although this method is much easier to apply, the bottom line of this method is that it 
is rather sensitive to disturbance. Therefore, only large leaks can be detected and it is 
not suitable for the small network (Peter Black, 1992).  
 
2.2.5 Magnetic Leakage Detection Method 
Magnetic flux leakage (MFL) inspection is the most widely used technology for the 
inspection of in-service pipeline during these years. It is estimated that about 80% of 
line inspection missions are carried out using this technique (Keith Grimes, 2000). 
High resolution MFL technology can be applied in the detection of the location and 
measurement of cracks in the pipeline. 
The basic principle of this technique is that pipe-wall can be magnetized axially by a 
pair of magnet and under normal operating condition, the magnetic field behaves 
smoothly. However, with the presence of leakage, it will cause the disruption to the 
flow of magnetic field which can be detected and measured by the sensors on board of 
an inspection vehicle easily (Keith Grimes, 2000).  
 
2.2.6 Software-based Leak Detection System 
Software-based pipeline leak detection is reckoned to be one of the technologies with 
the best cost/benefit ratio (Jonathan Theakston, 2004). Most of these methods are 
based on the idea of the modeling method. 
The principle of the software-based leakage detection relies heavily on regular 
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measurements; a deviation from the supposedly steady measurement suggests a 
possibility of a leakage. Many theories about it have been found, such as the pressure 
change will initially be the greatest at the leak location (Jonathan, 2004). Then large 
leak can be easily detected by analyzing the trend of pressure or flow imbalance. So 
we can use the software to analyze the data of the network to find the location of leak. 
There are two different principal methods which are widely used, one of which 
interrogates measurement deviations at different locations on the pipeline and the other 
monitors balance of flow in and out of a pipeline section. 
No matter which is used, it can help engineers to find the location and measurement of 




Fundamentally, a leak detection method or system should be able to detect a specified 
minimum leak with limited false alarms and cope with all operation conditions with 
minimal desensitization of the capability.  
From pervious sections, we can see that there are many methods or technologies for 
the detection or prediction of the leaks in the pipeline. Some of them are very simple, 
such as observation method; some of them are expensive, such as sensor-based method. 
Nevertheless, the most widely used in these days are the methods based on the model 
based detection. Such as software-based method and MFL, they all use the idea of the 
model. By the model based method, the large and complex network can be solved 
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quickly with high accuracy, but it should be noted that although there are many 
advantages in the modeling based method, it still has some shortcomings, such as 
sensitive to the initial condition and properties of the fluid. 
 
In the present study, the mathematic method is also used to set up the simulation of the 
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Chapter 3 
Review of Steady Flow Analysis in Pipeline Networks 
 
3.1 Introduction 
Analyses and design of pipe network generate a complex problem, especially if the 
network consists of a large number of pipes, such as a water distribution system of a 
large city. In order to reduce the complexity of the network during the current analysis, 
the network will exclude all pipe fittings. Furthermore, this project deals only with 
steady-state conditions. 
The steady-state problem can be solved when the flow rates in all branches are known. 
From the known flow rates, all head losses throughout the system can be calculated. 
Alternatively, the heads at each node of the network may be given and the flow rate in 
each branch of the network can be calculated subsequently. 
There are many methods used to solve the steady-state flow in the pipe network, such 
as Hardy Cross method, Newton-Raphson method and so on. These methods have their 
advantages and by using these methods, engineers can determine the properties of the 
network. 
In this chapter, some methods in solving the steady-state analysis of the network will 
be introduced. In the final section, the advantages and disadvantage of these method 
will be highlighted and discussed 
 
3.2 Basic Hydraulic Equations 
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In general, the pressure drop between the junction nodes and flow rate in each branch 
can reflect the properties of the pipeline networks. The computation of the pipeline 
networks are based on governing equation and some basic hydraulic equations. Mostly 
all steady flow problems in the hydraulics of pipeline networks can be solved by the 
application of a combination of the basic equations. They are: 
1. The conservation of mass equation (Continuity Equation), 
2. The work-energy equation (Bernoulli Equation). 
 
3.2.1 The conservation of mass relationship (Continuity Equation)  
In the context of a single pipeline, this equation specifies that the mass flow rate at any 
section of the pipeline remains constant. 
22211111 VAVAQ ρρρ ==  
Where Q = volume flow rate,  
ρ = mass density,  
A = cross-section area of the pipe, and  
V = average flow velocity in pipeline.  
In the above relation, the fluid has been considered to be incompressible. 
In pipeline networks, it states that the mass flow into the junction must equal the mass 
flow out of the junction. The equation is as follow: 
∑ ∑=
in out
VAVA 222111 ρρ                                 (2.1) 
This equation is commonly used for analyzing pipeline network. 
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3.2.2 The Conservation of Energy (Bernoulli Equation) 
Flowing liquid has three forms of energy that are usually concerned by hydraulicians, 
they are: kinetic energy due to fluid motion; potential energy by virtue of its elevation 
and the other by virtue of the pressure. 










Vpz γγ                      (2.2) 
Where z = potential energy of flowing liquid,  
p = pressure,  
V = velocity of fluid flow,  
γ  = liquid specific weight and  
∑ −21Lh = sum of all frictional loss between section 1 and 2 in the pipeline. 
When it is applied to a pipe network, it states that for any closed loop, the algebraic 
sum of head loss must equal to zero. So the Bernoulli Equation around any closed path 
can be expressed in the following form: 
∑ =NP
i
fih 0                                   (2.3) 
 
3.2.3 Basic Equation for the Head Loss in the pipe section 
One important equation for steady flow analysis in the pipe network is the relationship 
between the flow rate and head loss in the pipe. This equation combining the two 
conversation laws which we mentioned above is used to solve most problems of the 
pipe network.  
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There are several equations evaluating the head loss which can also be expressed as the 
pressure drop across the junctions. The most fundamentally sound method for 






⋅=                                 (2.4) 
where   = the friction head loss          fh
f = dimensionless friction factor 
D = diameter of the pipe          
L = length of pipe 
V = the average velocity of flow 
g = the acceleration of gravity 
Equation (2.4), the Darcy-Weisbach equation is in fact derived by dimensionless 
analysis (Jeppson, 1983). The dimensionless friction factor (f) depends on two 
parameters: the Reynolds number Re and the relative roughness of pipe e/D. 
According to the experiments done by Reynolds in 1883, the behavior of flow can be 
divided into two parts: 
1) For laminar flow, Re will be less than 2100, the friction factor f is merely the 
function of Reynolds number and is independent of the roughness of pipe: 
Re
64=f                                     (2.5) 
2) When Re>2100, the flow can be considered to be turbulent. The friction factor can 








35.9log214.11 10                    (2.6) 
 15
Chapter 3 Review of steady flow analysis in pipeline network 
3.3 Systems of Equations Describing Steady Flow in Networks 
For a network having N junction nodes and B branches, there are 2B unknowns needed 
to be solved to find all the pressure drops and flow rates in the network. From the 
continuity equation, N-1 equations can be set up. There should be B-(N-1) closed loops 
in the network, and according to the Bernoulli equation, B-(N-1) equations can be 
established. Combining with the B numbers of governing equations, there will be 2B 
equations to solve the 2B unknowns. 
So we can use different systems to describe the steady flow in the networks, by using 
these systems we can reduce the complexity of the problem and to set up the equations 
of the network. Jeppson (1983) defined three systems for the network. 
 
3.3.1 Flow Rates as Unknown (Q-equations System) 
It was mentioned previously, the continuity equation and Bernoulli equation must be 
satisfied in a pipe network. For the continuity equation, the mass flow rate into a 
junction must equal to the mass flow rate out of the junction. So we can get the 
following form: 
( ) ( ) CQQ
iniouti
=− ∑∑                             (2.7) 
Where Q is the flow rate in the branch which connects with the node and C is external 
flow at the junction. When the flow is entering the junction C should be positive and if 
flow is leaving from the junction C will be negative. 
In addition to the continuity equation, the Bernoulli equation of the system should also 
be satisfied. For a closed loop, the energy equation can be stated as: 
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fih                                     (2.8) 
In which NL is the number of the pipes involved in the closed loop. If we apply 














fi QKh             (2.9) 
The energy principle can give L equation of this form, where L means the number of 
non-overlapping loops in the network. 
If a network has N nodes, L non-overlapping loops and J pipes, it will satisfy the 
following equation: 
LNJ +−= )1(                               (2.10) 
Since the flow rate in each branch is unknown, so there are J unknowns needed to be 
solved and J equations should be set up. From Energy equation, L nonlinear equations 
can be established and on the other hand from continuity equation, (N-1) linear 
equations can be set. In conclusion, the number of independent equations is equal to 
the number of the unknown flow rates in J pipes. 
 
3.3.2 Head at Junctions as Unknowns (H-equations System) 
If the head at each junction is unknown instead of flow rate in each branch, the number 
of simultaneous equations can be reduced. However, the reduction in number of 
equations is at the expense of not having some linear equations in the system. 
To formulate the system of equations that contain the unknown heads at the junctions, 
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N-1 independent continuity equations need to be set. Thereafter the relationship of the 
flow rate and head loss for all the branches is substituted into the continuity equations. 



















⎡=                          (2.11) 
In which H is the head of each junction and subscripts i, j indicate the specific junction 
in question and ij indicates the connectivity of the branch between junction i and j. If 








































             (2.12) 
Extending the above equation for all the N-1 junctions, we can set up a system of N-1 
nonlinear equations which contain N-1 unknown heads.  
 
3.3.3 Corrective Loop Flow Rates are Unknown ( QΔ -equations System) 
Although in the H-equations system, the number of equations involved is less than that 
in the Q-equations system, it appears that the H-equations system is better than the 
Q-equations system, one has to be noted that non-linear equations have to be solved 
instead. Another method which offers even less number of equations is the 
-equations System. QΔ
In a network which has L basic loops a new system can be set up which consists of L 
number of -equations and all of them are nonlinear. The equations consider a QΔ
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corrective flow rate in each loop as the unknowns. 
It is not difficult to set up an initial flow rate in each pipe that can satisfy the continuity 
equation. But these initial flow estimates normally do not satisfy the head loss 
equations, so they need to be corrected. A flow rate correction  will be added to 
the initial assumed flow rate in each pipe forming a loop of network without violating 






ii QQK 0                             (2.13) 
So by the above equation the flow rates in each pipe can be determined by adding 
these corrective loop flow rates to the initially assumed flow rate. Then from the flow 
rates the head losses in each pipe are determined. 
 
The nonlinearities which not only appear in this system but also in the previous 
systems (H-equations and Q-equations) make the solutions difficult. So methods for 
handling the nonlinearities will be introduced. 
 
3.4 Traditional Solution Methods 
In the previous sections, three systems of equations were introduced which can be used 
to solve for the flow rate and pressure distribution in the network. No matter which 
system is being investigated, the steady state pipe network problems are described by a 
set of linear and nonlinear equations. Since these nonlinear equations can not be solved 
directly, many methods can be used in solving them. In this section, we will introduce 
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some traditional methods which are always used to analyze the pipe network and at the 
end the disadvantage of them will also be included. 
 
3.4.1 Hardy Cross Method 
The oldest and most widely used method for analyzing pipeline network is the Hardy 
Cross Method. It is very simply and easy to use so it was widely used in the 
precomputer days and even now many programs are based on this method. But this 
method is good for small and simply network, as for the large and complex network 
the Hardy Cross method is frequently found to converge too slowly if at all (Jeppson, 
1983). Different from other methods, in every iteration Hardy Cross Method solves 
one equation at a time before proceeding to the next equation instead of solving all 
equations simultaneously. The QΔ -system is more frequently solved by the Hardy 
Cross Method since it has fewer equations. 
As we discussed in the previous part, the QΔ -equations system can be described by 




ii QQK 0              (2.13) 













Q                           (2.14) 
By using the above equation, the Hardy Cross Method can compute a corrective flow 
rate  for each loop in the network. QΔ
The Hardy Cross Method may be summarized by the following steps: 
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1) Make an initial guess of the flow rates in all pipes and to ensure continuity 
equations must be satisfied at all junction; 
2) By equation 2.14,  of each loop in the network can be obtained; QΔ
3) After all  are found, they will be added to the initial guess flow rate and to 
obtain a new value which is supposed to be much closer to the true value. 
QΔ
4) Repeating steps 2 and 3 by using the current value instead of the old initial value. 
This loop will be repeated until accuracy requirements are met in all loops. 
So from the above calculation procedures, we can find the disadvantage of the Hardy 
Cross Method. How to select the mesh (loop) in the first step and how to set the initial 
guess of the flow rate is a real problem. If the initial guess is closed to the true value, 
the chance of failure can be reduced. 
 
3.4.2 Newton-Raphson Method 
Another method which is mostly used for solving implicit or nonlinear equations is the 
Newton-Raphson Method. Due to its being able to converge quickly to the solution, 
this method is widely used in analyzing pipeline networks. The Newton-Raphson 
Method can be used to solve any of the three sets of equations describing flow in the 
pipe networks which have been discussed in the previous section. This method requires 
less computer storage and therefore is more suitable for solving larger network 
problems. 
The iterative Newton-Raphson formula for a system of equations is, 
)(1
)()1( mmm xFDxx ⋅⋅−= −+                          (2.15) 
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In which vector x , F and the inverse of the Jacobian, , will give different forms 
according to different equations system.  
1−D
























































































And in the H-equation the Newton-Raphson iterative formula becomes 
)()()1( mmm
zHH −=+                              (2.16) 
Where z  is the solution vector of the linear system. 
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And in the -equation the Newton-Raphson iterative formula becomes QΔ
zQQ mm −Δ=Δ + )()1(                              (2.17) 
where z  is the solution vector of the linear system. 
And from equation 2.16 and 2.17, we can find the Newton-Raphson Method obtains 
the solution of a system of nonlinear equations by iteratively solving a system of linear 
system. 
 
3.4.3 Linear Theory Method 
Compared to the other two methods that we have discuss so far, Linear Theory Method 
does not need not an initialization and it converges in a relatively fewer iterations 
(Wood and Charles,1972). And it is suitable to solve the problems of Q-equations. 







fih                                     (2.18) 














fi QKh                             (2.19) 
K is the pressure drop coefficient of pipes. And linear theory transforms the L 
nonlinear loop equations into linear equations by this form: 







1'                      (2.20) 
Coefficient 'K is defined for each pipe as the produce of  and . Combining 
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equations cane be provided which can be solved by linear algebra. 
 
3.5 Conclusion of Traditional Methods 
For the traditional methods, such as Hardy Cross Method, Newton-Raphson Method 
and Linear Theory Method, although they are widely used in the engineering design 
and analysis of pipe network, there are some problems associated with them.  
For Hardy Cross Method and Newton-Raphson Method, a set of initial guess for the 
flow rate or head pressures is needed to initiate the solution and it is very sensitive to 
the initial guess. If the initial value does not deviate too much from the true value, the 
chance of success may be improved. On the other hand, even if the computation starts 
with an excellent initial value, the convergence can not be assured for some cases 
(Wood and Rayes, 1981). 
Although there are many improvements done on these methods, due to the inherent 
shortages of these methods the problems remain. 
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Chapter 4 
Formulation of Steady Flow Analysis in Pipeline Network 
 
4.1 Introduction 
A pipeline network is a collection of elements such as pipes, compressors, pumps, 
valves, regulator, tanks and reservoirs interconnected in a specific way, and the 
solution a pipeline network problem may be defined as determining the flow rates in 
the branches and the pressures at the pipe junctions given the configuration and the 
physical properties of network, such as the dimensions of the pipes, the external flows. 
In the previous chapter, many traditional methods for steady analysis of pipeline 
network were reviewed and most of them are based on the technique of solution 
developed by Hardy Cross which is essentially a relaxation method suitable for 
computation by hand. As we know the disadvantages of the Hardy Cross method is the 
need to select a set of meshes for the network which is not easy for a complex network. 
On the other hand, as we mentioned before, the traditional methods have some 
inherent shortcomings, such as sensitive initial condition, possibilities of divergence 
and so on. In order to overcome these problems, Gay and Middleton (1971) introduced 
a method called transformation method, which is different from the traditional methods. 
It is based on graph theory and matrix representations by which we can transform the 
governing equation from the primitive framework to orthogonal framework and 
simplify the computation process. This method is a well-proven technique to solve 
large-scale pipeline network problems. 
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4.2 Graph Theory 
4.2.1 Graph of Network 
The graph of a network is a diagram showing the structure of the network. The graph 
should consist of a set of nodes that correspond to the vertices (junctions) connecting 
two or more pipelines (Marh and Mordechai Schacham, 1978), 
}{ nVVVV ,......,, 21=                                (4.1) 
Together with a set of lines (branches) that correspond to the individual pipelines in the 
network 
{ nLLLL ,......,, 21= }
)
                               (4.2) 
It is often convenient to refer to the formal definition of a graph G as sets 
( LVG ,=                                     (4.3) 
A branch is said to be incident to its nodes and branches can be classified into tree 
branches and link branches. In Figure 4.1 the heavy lines represents tree branches and 
link branches are shown by the dotted line. While the choosing of tree branches is an 
arbitrary process, they have to be chosen in such a way that they form a continuous 
path without forming any meshes or closed loops. In addition, every node needs to 
have at least one tree branch attached to it. 
A basic mesh is a closed loop formed by several tree branches and one link branch 
called the defining link branch. The direction of flow within each mesh is determined 
by the direction of flow of their respective defining link branch. 
In Figure 4.1, there are 12 branches and 9 nodes in the network, and each node and 
branch is numbered. From the rules and definitions stated above, branch 1,2,3,4,5,6,7 
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and 8 constitute a tree, consequently this tree forms four basic meshes containing 













Mesh 1 Mesh 3
Mesh 4Mesh 2
  
Figure 4.1 Graph of a network showing branch, node and mesh 
From the graph it can be found that if a connected graph has n nodes, then any tree will 
have n-1 branches, and the number of basic meshes is m=b-n+1 where b is the number 
of branches in the network. (Gay and Preece, 1975) 
In the network, there is one node arbitrary chosen as the datum node. Once the datum 
is decided, the node-to-datum paths can be formed. The node-to-datum path is a 
continuous path tracing a non-datum node to the datum node through the tree branches. 
For example, in Figure 4.1 if node 9 is chosen as the datum node, the path across 4-6-8 
will constitute a node-to-datum path. 
 
4.2.2 Matrix Representation 
For computational purposes, graph needs be described by certain matrices. Three 
different matrices (A, B and C) will be illustrated as the following. These matrices are 
known as transformation matrices and used in the transformation approach. 
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The Branch-Node Incidence Matrix A 
A matrix specifies the incidence of all branches on each node, which is called the 
branch-node incidence matrix. Table 4.1 shows the branch-node incidence Matrix A for 
the network depicted in Figure 4.1. The number of rows in the Matrix A equals to the 
number of branches (b) and the number of columns equals to the number of nodes. 





















     Node      
  1 2 3 4 5 6 7 8 9   
 1 1 -1 0 0 0 0 0 0 0  
 2 0 1 -1 0 0 0 0 0 0  
 3 0 1 0 0 0 0 0 -1 0  
 4 0 0 0 1 -1 0 0 0 0  
 5 0 0 0 0 1 -1 0 0 0  
Branch 6 0 0 0 0 -1 0 0 1 0 Tree Part 
 7 0 0 0 0 0 0 1 -1 0  
 8 0 0 0 0 0 0 0 1 -1   
 9 1 0 0 0 0 0 -1 0 0  
 10 0 0 1 0 0 0 0 0 -1 Link Part 
 11 0 0 0 -1 0 0 1 0 0  
 12 0 0 0 0 0 -1 0 0 1  
Table 4.1 Matrix A for Figure 4.1 
In the matrix, it is obvious that the sum of elements in any row is zero and the columns 
are linearly dependent. Hence any column may be deleted; Gay (Gay and Preece, 1975) 
called the corresponding node of the column to be deleted as the datum node and the 
matrix so formed constitutes the branch-node incidence matrix of the graph. The link 
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branches are given the higher reference numbers while the tree branches have the 
lower numbers. 
Following the above, Matrix A can be partitioned into two parts (as shown by the 







AA                                     (4.4) 
 
The Node-to-Datum Incidence Matrix B 
The node-to-datum incidence matrix B can describe the node to datum path structure. 
Table 4.2 shows the node-to-datum incidence matrix B for the graph in Figure.4.1 
(Node 9 is the datum node). It is noted that matrix B is also of dimension b by n-1. 




















It is noted that the node to datum path is defined to be having positive direction if it is 
away from the datum node. The node-to-datum incidence matrix B can also be written 
in a partitioned form, but it is different from the matrix A that the link part is a null 
matrix because link branches are not involved in the node-to-datum path and the links 











BB                               (4.5) 
It can be anticipated that the zero sub-matrix in B will simplify the subsequent 
manipulations. 
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   Node-to-Datum Path   
  1 2 3 4 5 6 7 8 9   
 1 1 0 0 0 0 0 0 0 0  
 2 0 0 -1 0 0 0 0 0 0  
 3 1 1 1 0 0 0 0 0 0  
 4 0 0 0 1 0 0 0 0 0  
 5 0 0 0 0 0 -1 0 0 0  
Branch 6 0 0 0 -1 -1 -1 0 0 0 Tree Part 
 7 0 0 0 0 0 0 0 1 0  
 8 1 1 1 1 1 1 1 1 1   
 9 0 0 0 0 0 0 0 0 0  
 10 0 0 0 0 0 0 0 0 0 Link Part 
 11 0 0 0 0 0 0 0 0 0  
 12 0 0 0 0 0 0 0 0 0  
Table 4.2 Matrix B for Figure 4.1 
 
The Branch-Mesh Incidence Matrix C 
The meshes of graph can also be described by the branch-mesh incidence matrix C. 
The number of rows of matrix C equals to the number of branches and the number of 
columns equals to the number of basic meshes. 
The elements in row i and column j of the matrix C correspond to branch i and mesh j. 





























Matrix C can be partitioned into two parts: tree part and link part. Due to the link 












T                               (4.6) 
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Table 4.3 shows the matrix C for the network shown in Figure 4.1. 
  Mesh Path    
  1 2 3 4    
 1 -1 0 0 0    
 2 0 1 0 0    
 3 -1 -1 0 0    
 4 0 0 1 0    
 5 0 0 0 -1 Tree Part 
Branch 6 0 0 -1 -1    
 7 1 0 -1 0    
 8 0 -1 0 1    
 9 1 0 0 0    
 10 0 1 0 0 Link Part 
 11 0 0 1 0    
 12 0 0 0 1    
Table 4.3 Matrix C for Figure 4.1 
 
4.3 Concepts of Transformation Approach 
As we mentioned in the previous chapters, most of the conventional methods treat all 
the branches of the network as though they are disconnected and the conditions of 
Continuity and Bernoulli equations have to be satisfied separately. All of these made 
the computation more complicated and wasted lot of time. To reduce the computation 
effort, transformation approach is introduced to solve the problems of the networks. 
Transformation approach has its origin from the Electrical Circuit theory. Due to the 
analogies between the electrical networks and pipe networks, many researchers tried to 
apply the well developed Electrical networks theory to solve the pipeline network 
problems. And they found it was more efficient than other methods and could also 
simplify the computing process. 
In this part, the method of transformation approach will be introduced and some basic 
concepts used in this method will also be mentioned. 
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4.3.1 Primitive Framework and Orthogonal Framework 
A network can be visualized in terms of a physically existing network where all the 
branches are treated as if they are disconnected from each other (Kron, 1965). It is 
known as the primitive network because it represents the disconnected model of a 
network that is yet to be specified and is a framework that forms the building block for 
all other frameworks as long as they consist of the same number of branches. 
As we mentioned in the previous chapters, all governing equations should work with 
two constraints: Continuity equation and Bernoulli equation. So for a network with n 
nodes and b branches, there will be m=b-n+1 closed loops. In order to get all the flow 
rates and pressure drops in the network, there are 2b unknowns needed to be solved. 
From the Continuity equation, (n-1) independent equations can be set and from 
Bernoulli equation, m equations can be erected. Combining with b governing 
equations, there are all together 2b equations to solve for the 2b unknowns and 
solution is assured. However, this method needs more computational time and takes up 
too much storage space. Hence a new approach is introduced to solve the network 
problems - transformation approach. Its concept is to transform the governing equation 
from the primitive framework to the orthogonal framework where the two 
conservation laws can be considered implicitly, thereby reducing the required storage 
space and computation time. 
The orthogonal framework is equivalent to the interconnected framework. Its concept 
is based on the simultaneous existence of both the open (node-to-datum) and closed 
(mesh) path. The open and closed path flows along designated paths and the 
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corresponding path pressure drops also lie along the same contours. 
Some assumptions made to the orthogonal framework are: 
1. The open path flows are represented by external flows sources flowing in the node 
to datum path only. 
2. The closed path flows carry the response due to all other sources and are 
constrained in meshes only. 
3. The pressure drop across the vertices of a closed path is zero. (Consistent with the 
Bernoulli equation). 
The definition of the open and closed path flows in the above assumption implicitly 
satisfies the continuity equation. As for the assumption 3, the Bernoulli equation has 
also been satisfied implicitly. Therefore, solving the network problems in the 
orthogonal framework will eliminate the need for considering the two conservation 
laws explicitly. 
 
4.3.2 Relationship of Network Elements in the Primitive Network 
Based on electrical circuit theory, every branch of a network can be visualized as 
consisting of three elements: an impedance element Z, a pressure source element E and 
a flow source element I. The structure is shown in Figure 4.2. From the orientations 
shown in the figure, the two variables of a branch: the total branch pressure drops V 
and total flow J can be represented as below: 
eEV +=                                    (4.7) 
iIJ +=                                     (4.8) 
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Figure 4.2 Structure of a branch showing impedance, pressure and flow rate 
The flow rate and pressure drop can be expressed by the Ohm’s law: 
VYJorJZV ⋅=⋅=                           (4.9) 
Where Z and Y are diagonal matrices and  
1−= YZ                                  (4.10) 
 
4.3.3 Transformation Tensors 
Transforming the old framework to the new framework, we need to set up a relation 
between the two frameworks (Gay and Middleton, 1971). Each new framework can be 
related to the old one by either a specific detailed 2-matrix called transformation 
matrix or simply a transformation tensor that shows the relation between the two 
frameworks. The most important function of a transformation tensor is to describe the 
transformation of its components from one framework to another one.  
In the transformation approach, the upper and lower indices of the tensors are used to 
describe the properties of the tensors. For example, an index can be used to identify the 
variables to be the components of a particular framework. 
Make a vector X in an old framework (which may be a contra variant vector oX or a 
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covariant vector ) transform to a new framework (whereoX
NX  is contra variant 
vector and  is a covariant vector), the following equations show how these 
transformations are used in computation: 
NX
O
NON XCX ⋅=                                 (4.11) 
ON
O
N XCX ⋅= •                                 (4.12) 
O
NON XCX ⋅=                                (4.13) 
O
O
NN XCX ⋅= •                                (4.14) 
Where  are the transformation tensors. The position dot ( ) is to 
indicate the order of the occurrence of the indices. For example, in the case of , the 
contra variant index ‘N ’comes before the covariant index‘O’ and it indicates that the 












4.4 Transformation Approach 
4.4.1 Tensor Aspect in Transformation Approach 
Ti (Ti. 1987) first introduced the transformation tensor index notations to solve the 
pipe network problems. The transformation tensor index notations are used to indicate 
which framework the components are in. 
 
For the primitive framework, the index b is used and for the orthogonal framework the 
index s is used; the index o is used for the open path framework; on the other hand, the 
index c is used to indicate the closed path framework. In the index notation, the 
pressure drop always has a lower index, as , and the flow rate always has an upper bV
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index, as . bJ
The transformation equations relating the flow rates and pressure drops between the 
primitive framework and orthogonal framework can be obtained as follows, 
sb
s
b JCJ ⋅= •                                   (4.15) 
b
b
ss VCV ⋅= •                                   (4.16) 
Where tensor  describes how the branches of the primitive framework are related 
to the open paths and closed paths of the orthogonal framework. Tensor  being 
the transpose of  describes how the open paths and closed paths of orthogonal 
framework are related to the branches of primitive framework. Because paths of 
orthogonal framework can be divided to closed path and open paths, so we can find 










[ ]bcbobs CCC ••• = M                                  (4.17) 
Where  is the transformation tensor showing the relationship between primitive 
framework and open paths of orthogonal framework, and  is the transformation 






On the other hand, we can also get the following equations: 
bs
b
s JAJ ⋅= •                                  (4.18) 
s
s
bb VAV ⋅= •                                  (4.19) 
Where transformation tensors  are the inverse tensors of  and  
respectively. In a similar way as the , tensor  can be expressed in the partitioned 
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[ ]cbobsb AAA ••• = M                                (4.20) 
Where tensor describes how the open paths of orthogonal framework are related to 
the branches of the primitive framework, and tensor describes the closed paths of 








As we mentioned previously, we can use the Ohm’s law to set up the relationship 
between the pressure drops across and flow rates through the branches: 
b
bbb JZV ⋅=                                 (4.21) 
b
bb
b VYJ ⋅=                                 (4.22) 
Where andbbZ
bbY  are respectively the impedance and admittance of all the branches 
in the network. These equations are only used in the primitive framework, if they are 
used in orthogonal framework, the governing equations should be transformed by 
transformation tensors. 
 
Gay and Preece (1975) introduced the transformation matricesγ andα to describe the 
relationship between the primitive framework and orthogonal framework. 
The transformation matrixγ  is equivalent to transformation tensor , so it can be 
expressed as following form: 
b
sC•
[ ] [ ]CBCCC bcbobs MM === ••• γ                         (4.23) 
From this equation, we can observe that the Node-to-Datum incidence matrix B is 






α  can be expressed as the following form: 
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[ ] [ ]FAAAA cbobsb MM === ••• α                        (4.24) 
Hence the following equations can be obtained:  







FA 0                             (4.26) 
Matrix F is known as the Link Branch-Mesh matrix. 
 
4.4.2 Mesh Approach 
In the earlier sections, we have introduced the governing equation which relates the 
flowing rates and pressure drop in the primitive framework, 
b
bbb JZV ⋅=                                 (4.21) 
In order to solve this equation in the orthogonal framework, we need to use the 
transformation tensors, substituting equations (4.15) and (4.16) into the above, we can 




ss JCZCV ⋅⋅⋅= ••                             (4.27) 
Because the orthogonal framework constitutes the open paths and closed paths, so the 



























V M                    (4.28) 
















cc JCZCJCZCV ⋅⋅⋅+⋅⋅⋅= ••••                 (4.30) 
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According to the assumptions in section 4.3.2,  is equivalent to , then it can be 




sc ECE ⋅= •                                   (4.31) 
So there are two equations that can be obtained from above equation: 
b
b
oo ECE ⋅= •                                   (4.32) 
b
b
ccc ECEV ⋅== •                                (4.33) 
Putting  into equation (4.30) and solving the equation, we can find that  can be 
expressed in the following form: 
cE
cJ




oooo eECeEV +⋅=+= •                         (4.35) 











oo ECJCZCJCZCe ⋅−⋅⋅⋅+⋅⋅⋅= •••••          (4.36) 
For our first consideration, if all nodal flow rates  are specified, and the pressure 
source  is known for the pipeline network, the transformation tensors 
 can be decided easily with the known network topology. We can 
find that equation (4.34) constitutes the mesh approach for the solution of the pipeline 
network problems. The branch flows  and pressure drop  can be solved from 













[ ] cbcobocobcbosbso JCJCJJCCJCJ ⋅+⋅=⎥⎦
⎤⎢⎣











⎡⋅=⋅= ••••• M            (4.38) 
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For our next consideration, if all nodal pressure is provided, from equation (4.29) we 
can find: 
( ) [ ]cbcbbboobobbboo JCZCVCZCJ ⋅⋅⋅−⋅⋅⋅= ••−•• 1              (4.39) 
Substituting (4.34) into the above equation, it gives: 
( ) ( ) ( ) ( )[ ]







































Because every nodal pressure is specified, so  is known. Then  can be 
calculated from the above equation and thereafter  can be obtained from equation 
(4.34). Following the same procedure as that when nodal flow is specified, the flow 






4.4.3 Nodal Approach 
For the mesh approach, closed path flows are to be found before nodal pressures are 
obtained. But on the other hand, nodal pressures can be sought before the mesh flows 
are determined. This method can be known as Nodal Approach. 






s VAYAJ ⋅⋅⋅= ••                             (4.41) 
Following a similar way as in the mesh approach, we can express the above equation 



























J M                    (4.42) 
Expanding the above and rearranging it, we can get: 
( ) [ ]ccbbboboobbbobo VAYAJAYAV ⋅⋅⋅−⋅⋅= ••−•• 1               (4.43) 
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c VAYAVAYAJ ⋅⋅⋅+⋅⋅⋅= ••••                  (4.44) 
Substituting equations (4.32) and (4.33) into the above equations, the following 
equations will be obtained: 
( ) [ ] bbocbccbbboboobbbobo ECECAYAJAYAe ⋅−⋅⋅⋅⋅−⋅⋅= ••••−•• 1       (4.45) 
and 
( ) bbccbbbcbbboobbbcbc ECAYAECAYAJ ⋅⋅⋅⋅+⋅⋅⋅⋅= ••••••            (4.46) 
For the case when all nodal flows in the network are known, then  is known and 
 can be obtained from equation (4.45), and  can be calculated by equation 
(4.46). The branch flow rates  and pressures drops  in the primitive framework 




[ ] cbcobocobcbosbsb JCJCJJCCJCJ ⋅+⋅=⎥⎦
⎤⎢⎣











⎡⋅=⋅= ••••• M            (4.48) 
From the above equations,  can be obtained, the flow rates and pressure 










4.4.3 Comparison of Mesh Approach and Nodal Approach 
It was reported that the mesh approach and nodal approach can obtain the solution 
much faster than the traditional methods. But when these two methods are used, the 
mesh and nodal approaches have different convergence time. The mesh approach 
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converges faster than the nodal approach (Gay and Preece, 1975). The reason for this 
difference is that normally there are fewer meshes than nodes in a pipeline network. 
For a network with n nodes and b branches, there will be b-n+1 meshes involved in the 
mesh approach. The dimension of the matrices involved in mesh method is b-n+1. 
While the dimension of the matrices involved in the nodal approach is n-1, and in most 
of the cases, n-1 is larger than b-n+1. So we can expect the computation effort for 
finding the inversion in the mesh approach is faster than that in the nodal approach.  
 
4.5 Conclusion 
In this chapter, in order to overcome the disadvantages of the traditional methods on 
the network analysis, a new method is introduced - the transformation approach. The 
concept behind this method is to transform the governing equations from the primitive 
framework to the orthogonal framework by which we can simplify the computation. It 
is noted that the mesh and nodal methods are similar and from general observation, the 
number of meshes is normally less than the number of nodes in the network, hence, we 
will use the mesh approach to solve the problems of leakage in the pipeline network. 
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Chapter 5 
Analysis of Leakage in Pipeline Network 
 
5.1 Introduction 
Pipeline networks are used widely in the chemical process industries, petroleum 
refineries and long distance oil and nature gas transportation. Safe and efficient 
operation plays an important role in pipeline networks. But unfortunately there are 
many leakages of pipeline networks happen every year because of long time service or 
chemical erosion, they cause millions of dollars lost and also bring serious 
environmental problems. When the leakages happen, it is necessary to have the 
problematical pipes replaced quickly. Thus how to accurately and rapidly predict the 
leakage location is a problem we face. In practical situation, many methods have been 
used in the prediction of leakage, as we mentioned in Chapter 2, some of which are 
based on idea of modeling method. In this study, the prediction method is also 
developed by the idea of modeling method. In order to predict the location of leakage 
in pipeline more quickly and accurately, in this chapter, it is attempted to study the 
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5.2 Simulation of Steady State Pipeline Networks 
5.2.1 Description of Networks 
In this thesis, the pipeline network analyzed was first analyzed by Gay (Gay and 













Mesh 1 Mesh 3
Mesh 4Mesh 2
 
Figure 5.1 Structure of the network 
In the network, all pipes are assumed to be smooth with a length of 50m and a 
diameter of 0.2m. The nodal flows entering or leaving the nodes in the units of m3/s 
are tabulated in Table 5.1. It should be noted that a positive value means a flow 
entering the node and a negative value indicates a flow leaving the node. The 
incompressible fluid is water having a density of 1000kg/m3 and viscosity 0.001kg/m/s 
in all the studied cases. All pressures are relative to the datum pressure which is set at 
atmosphere level, 101.3kPa. From the configuration of the network, it can be seen that 
all nodal flows are specified and there is no involvement of any pressure source in the 
network. 
According to the graph theory which is mentioned in the last chapter, there is at least 
one tree and some closed meshes in the network. Tree in a network is a set of branches 
connecting all junction nodes of the network without forming any meshes (closed 
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loops). A basic mesh is a closed loop formed by part of the tree with a non-tree branch 
(or link) of the graph. A tree is shown by the heavy lines and link branches are shown 
by dashed line in Figure 5.1. Node with the largest number is chosen as the datum 
node. (In Figure 5.1, node 9 is the datum node) 
Node Number 1 2 3 4 
Flow Rate(m3/s) 0.01 0 0.01 -0.005 
Node Number 5 6 7 8 
Flow Rate(m3/s) 0 -0.015 0 0 
Table 5.1 Node Flow rate for Figure 5.1 
 
5.2.2 Analysis of Pipeline Network by Mesh Approach 
In this study the transformation method is used to transform the governing equation 
from the primitive framework to the orthogonal framework, through which the pipeline 
network problems are solved. The first step is to set up the transformation matrices. 
The procedures involved first selecting a datum node, then carrying out the numbering 
of the nodes as well as the branches according to the rules mentioned in the previous 
chapter. A connection list is generated based on the directed graph. With the connection 
list, it is a trivial task to generate Matrix A (branch to node incidence matrix). Once A 
is established, Matrix B (branch to node to datum paths incidence matrix) and Matrix 
C (branch to closed meshes incidence matrix) can be found as well. It should be 
emphasized once again that in the network the link branches have been assigned higher 











T                               (5.1) 
where  is an identity matrix. LC
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BB                               (5.2) 
where  is a null matrix. LB
To reduce the programming effort, the relationship between BT and CT has actually 
been used which could be found due to Happ.1971 
1−= TT AB                                   (5.3) 
TTT ABC −=                                (5.4) 
The bar in the equation indicates transpose operation. 
As we have discussed in the former chapter, the transformation tensors between the 
primitive framework and orthogonal framework is given by, 
[ ]CBCCC bcbobs MM === ••• γ.                            (5.5) 
Therefore, we can get following equations: 
BC bo =•                                     (5.6) 
CC bc =•                                     (5.7) 













ρ=                                   (5.9) 
where:  Length of pipe =L
=D  Diameter of pipe 
=Q  Volumetric flow rate in pipe 
=cg  Conversion factor 
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The Darcy-Weisbach friction factor f is dimensionless. From equation (5.9), we can see 
that the impedance tensor is a function of friction factor and flow rate, on the other 
hand, the friction factor is also a function of the flow rate. In order to solve for the 
impedance, an iterative process has to be used. This is due to the nature of the 
non-linearity of the impedance.  
 



















0001.0                        (5.10) 
Where  : flow rate through pipe i in iteration k kiQ
1−k
iQ : flow rate through pipe i in iteration k-1 
 
One program was written based on the Mesh method to solve the pipeline network 
without leakage in the network. The simulation results of the no-leak pipeline network 
are shown in Table 5.2. 
Branch Number 1 2 3 4 
Flow Rate(m3/s) -0.003142581 -0.006003459 0.002860878 -0.000728357 
Branch Number 5 6 7 8 
Flow Rate(m3/s) -0.005627376 -0.006355733 -0.001129062 -0.001505144 
Branch Number 9 10 11 12 
Flow Rate(m3/s) -0.006857419 -0.007139122 -0.005728357 -0.008644267 
Table 5.2 Flow rate in each branch of no-leak network 
Comparing all the flow rates in the above table, flow rates in branch 4, 7 and 8 are 
much lower than those in the other branches. In the following analysis, we will put 
more attention on these branches with low original flow rate. 
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5.2.3 Analysis of Pipeline Network by Nodal Approach 
As we discussed in the former chapter, Nodal approach is dualistic to the mesh 
approach, and the procedure is almost the same as the mesh approach. However, for 
the network shown in Figure 5.1, there are more nodes than the meshes and based on 
the finding given by Gay (1975), it will not be as efficient as the Mesh Approach and 
therefore only mesh approach will be used in this study. 
 
5.2.4 Introduction of the Program  
One program was written with C++ based on the mesh approach to calculate the flow 
rate in each pipe under the situations of no leakage in the pipe network and that with 
the existence of a leak in a branch of the network. In the next chapter, this program 
will be modified to predict the leakage location. 
 
Figure 5.2 Picture of the program 
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Figure 5.2 shows the program we used in calculating the data. In this program, the 
original conditions of the network (without leak), such as the inlet nodal flow rate, 
outlet nodal flow rate, and physical properties of the fluid in the pipeline and so on can 
be changed easily. The program will then calculate and provide the flow rates of all the 
branches as a result. Subsequently, the location of the leakage, e.g., in which branch 
and where it is in the branch can also be selected by the user easily. Once again, the 
flow rate of all the branches (with leak) will be computed by the program. 
 
5.2.5 The Denotation of the Network when Leak Occurs 
When the leakage happened, the point of leakage will be denoted as an additional node. 
For example, in the case of leaked network shown in Figure 5.3, when there is one 
leakage at branch 1, then the point of leakage will be denoted as node number 9 and 
leaking branch is denoted as branch number 9. In order to keep the system of assigning 



















Figure 5.3 the new denotation for the network with leak at branch 1 
The direction of flow rate in the leaking branch (which is denoted as branch 1*) is 
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always assumed to be in the same direction as the branch which the leak has occurred 
in. For instance, in Figure 5.3 the branch 1* (leaking branch) has the same direction as 
the branch 1. So in the leaked network there are 13 branches, 10 nodes and 4 meshes. 
The denotation of the (*) for the leaking branch has an additional advantage, being 
easy to associate with the branch having the leak. 
 
5.3 Analysis of Changes in Leak System 
In large pipeline networks leakages bind to happen after being in service for a long 
time. With the leakage happening, the flow rates in the branches and the pressure drops 
across branches may change significantly, so how to predict the location of leakage 
quickly and accurately is a problem that deserved to be studies.  
 
5.3.1 Analysis network by the flow rate change of each branch 
In this section, in order to find the inherent relationship between the flow rate and 
location of the leakage, the C++ program mentioned in section 5.2.4 will be used to 
generate data for different scenario. To study the changing behavior of flow rates in the 
pipeline network due to the change of the leak location, the leakage location is varied 
by increasing 1 meter in every step at the test branch. The process is repeated to all 
branches of the network, while the other physical conditions remain unchanged. The 
network which was depicted in the previous section is analyzed once again. In the 
computation process, the convergence criterion is set as 0.0001 for all the cases. The 
leak flow rate is set at 0.005m3/s for all the following studies. And results of the 
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simulation are in Appendix A. 
 
5.3.1.1 Characteristic of each branch by varied location of leakage 
First, the changing behaviors of flow rate in each branch by varying the location of 
leakage are studied. In the following diagrams of this section, the x-coordinate 
indicates the various locations of the leakage in the leaking branch (m) and 
y-coordinate is defined as the flow rate in each branch (m3/s). The branch number with 
an asterisk * is the leaking branch.  
In this thesis all branches are studied but the results of only three branches are 
randomly picked for discussion. The results of the rest of the branches being similar to 
the three discussed in this section are listed in the Appendix B 
Leak Occurs in Branch 1 







































Leakage in branch 1(m)
 
Figure 5.4 the flow rate in each branch when leak occurs in branch 1 
In Figure 5.4 with branch 1 being the leaking branch, it is found that branches 1, 9, 2, 
and 7 to be having quite significant flow rate change when the leakage location is 
shifted from one end to the other end on branch 1. For the other branches, there are not 
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as much changes when the location of leakage is varied.  
Leaks Occurs in Branch 8 







































Leakage in branch 8(m)
 
Figure 5.5 the flow rate in each branch when leak occurs in branch 8 
In Figure 5.5 with branch 8 being the leaking branch, it is found that branches 8, 10 
and 12 to be having quite significant flow rate change when the leakage location is 
shifted from one end to the other end on branch 8. For the other branches, there are not 
as much changes when the location of leakage is varied.  
Leaks Occurs in Branch 12 








































Leakage in branch 12(m)
 
Figure 5.6 the flow rate in each branch when leak occurs in branch 12 
In Figure 5.6 with branch 12 being the leaking branch, it is found that branches 12, 8, 5 
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and 6 to be having quite significant flow rate change when the leakage location is 
shifted from one end to the other end on branch 8. For the other branches, there are not 
as much changes when the location of leakage is varied. 
 
From the above results, some patterns can be observed. No matter which branch is 
taken as the leaking branch, the flow rate change will be quite significant when the 
location of leakage is shifted from one end to the end on this branch. Furthermore, the 
branches which form a closed loop with the leaking branch may also show a 
significant change, such as branches 7, 9 and 2 in Figure 5.4. 
 
After analyzing all the diagrams in Appendix B, it is found that the same pattern can be 
observed for all the other branches just as well.  
 
In conclusion, from our study on the changing behaviors of flow rate in each branch by 
varying the location of leak,  
z The flow rate change on the leaking branch will be quite significant when the 
location of leakage is shifted from one end to the end on this branch; 
z The flow rates in the branches which are in the same mesh as the leaking branch 
may also give a significant change. 
 
5.3.1.2 Compare Characteristic of each branch under leak in different branch 
In the last section, some patterns are found by analyzing the diagrams which are made 
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according to the flow rates in each branch by varying the leakage location on a 
particular branch. During the analysis, it is noted that some curves clustered together 
and the trend of the change on each branch can not be observed clearly in some 
diagrams. To overcome these shortcomings and to verify the correctness of the patterns 
found in the last section, new diagrams (Appendix C) are drawn in which the 
x-coordinate indicates the various locations of the leakage in the leaking branch (m) 
and y-coordinate defines the flow rate in a particular branch under investigation (m3/s). 
These diagrams provide a good way to study the behavior of the flow rate in a 
particular branch with the variation of the leakage locations by varying the leaking 
branch.  
 
As that in last section, here only some samples are explained but the final results come 
from analysis of all branches (Appendix C). 
The Behavior of flow rate in branch 1 









































When leakage happened in different branch(m)
 
Figure 5.7 comparing the flow rate in branch 1 under leakage in different branch 
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In Figure 5.7, the flow rate curves of leaking branches 1, 9, 2 have the steepest slope, 
so it means that when the leak occurs in these branches, it will give the most 
significant change in the flow rate in branch 1 when the location of the leakage is 
shifted from one end to the other end of the leaking branch. On the other hand, it can 
be found when the leak occurs in branch 7; the flow rate change in branch 1 is affected 
more than that for branches 5, 8, 11 and 6, although these branches all are far from 
branch 1 but it has to be pointed out that branch 7 is in the same mesh with branch 1.  
 
The Behavior of flow rate in branch 4 










































When leakage happened in different branch(m)
 
Figure 5.8 comparing the flow rate in branch 4 under leakage in different branch 
In this figure it can be found that when leakage is shifted on branch 4, 5, 6, 11 and 7 
individually, the flow rate on branch 4 will be influenced more significantly. For the 
other leaking branches, the changes of the flow rate in branch 4 do not seem to be as 
steep as those highlighted above. 
 The Behavior of flow rate in branch 2 
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When leakage happened in different branch(m)
 
Figure 5.9 comparing the flow rate in branch 2 under leakage in different branch 
In Figure 5.9, it could be found that when the location of the leakage is shifted on 
branch 2, 3, 9, 10 and 1 separately, the flow rate change in branch 2 will be differed the 
most. It should be noted that branches 9 and branch 10 are parallel to the branch 2 and 
each of them are in the same loop as branch 2. This observation can also be found in 
the diagrams of branch 7, 8 and 5.  
 
From the above analysis, some patterns can be observed; these patterns are also 




From the above analysis, some patterns can be found when the location of leakage is 
varied on the leaking branch. They may be useful in helping us to understand the trend 
of the change of flow rate when a leak occurs. These patterns are concluded as follow: 
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z The flow rate change on the leaking branch will be the most significant when the 
location of leakage is shifted from one end to the end on this branch; 
z The flow rates in the branches which are in the same mesh as the leaking branch 
will also give a very significant change;  
z Among the branches which are in the same mesh as the leaking branch, those 
connected directly with the leaking branch seems to show a more significant 
change than those not connected to the leaking branch;  
z For those branches which are connected directly with the leaking branch but they 
are not in the same mesh as the leaking branch show a more significant change 
than those not connected to the leaking branch. 
 
5.3.2 Analysis network by the change ratio of flow rate 
In the previous sections, the behaviors of the flow rate change by varying the location 
of leakage have been studied. Some conclusions have been found, which are helpful in 
understanding the trend of the change of flow rate when a leak occurs. It is obvious 
that the above analyses require a complete set of data of flow rate in each branch of the 
leak system. In real application, when leak really occurs, it is difficult to get such 
detailed information of the network and only two sets of data may be obtained. One is 
the original flow rate of each pipe under no-leak situation and the other one is the flow 
rates of all the pipes under leaking situation. So change ratio becomes a more useful 
tool to analyze the network in practical situation which will be demonstrated in the 
following sections. An additional point has to be mentioned, as the location of the 
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leakage is not known, so the flow information for leaking branch i may actually refer 
to either i or i*.  
 
In the following sections, the network will be analyzed by two change ratio methods 
and some conclusions will be made in the final. 
 
5.3.2.1 Change Ratio A 
The first change ratio is defined in the following form: 




QQflow              (5.11) 
Where : the original flow rate in the branch under no-leak situation 1Q
      : the flow rate after the leakage occurs  2Q
And it is named in this thesis as the change ratio-A. It has to be noted that in the 
calculation, the true values of the flows are used (negative flow is possible). 
 
For all diagrams in this section, the x-coordinate represents the location of the leakage 
in the leaking branch (m) and y-coordinate represents the change ratio in each branch 
(%). All diagrams are listed in the Appendix D. 
 
For the purpose of predicting where the leaking branch is, if the change ratio of the 
leaking branch is either the greatest or the least among all the ratios, it will be an easy 
task to predict the leaking branch as we only have to put our effort on two branches in 
the network.  
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Unfortunately, from the diagrams in Appendix D, it is found that in most cases, the 
results are not what we hoped for. The change ratio of the leaking branch is very near 
to other values.  
For instance, Figure 5.10 shows the change ratio of flow rate in each branch when leak 
occurs in branch 9. It can be seen that no matter how the location of leak varies on 
branch 9, though curve 9 gives the highest ratio in most cases, it is very near to curve 3; 
curve 9* does not give either the highest or the least ratio. So it means it is difficult to 
separate the change ratio of leaking branch 9 from other change ratios only by 
comparing the values of change ratios. 







































Leakage location in branch 9(m)
 
Figure 5.10 Flow change ratio of each branch when leak in branch 9 
 
And in some cases, the change ratio of leaking branch is among in other ratios, then it 
can not provide useful information in the prediction of leaking branch. For instance, in 
Figure 5.11, the curves 2 and 2* can not give the highest or the smallest ratios in all 
conditions, then it is difficult to detect the leaking branch only by comparing the values 
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of change ratios. 

































Leakage location in branch 2(m)
 
Figure 5.11 Flow change ratio of each branch when leak in branch 2 
 
However, in some cases, the change ratio of leaking branch is indeed the greatest or 
the least in all ratios. In Figure 5.11, the change ratio of branch 7 and 7* are always the 
greatest or least no matter where the leak location is in the leaking branch 7. This can 
also be found when leak occurs in branch 4 and branch 8. For these three cases, the 
change ratios of flow rate in the leaking branch will appear to be either the greatest or 
the least under all conditions. 
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Leakage location in branch 7(m)
 
Figure 5.12 Flow change ratio of each branch when leak in branch 7 
It is be noted that there is one common trait in these three cases, the original flow rates 
in these three branches 4, 7 and 8 are smaller than the rest. 
 
Checking all the diagrams of change ratio-A, it could be found that in most cases the 
largest or smallest change ratios appear on either branch 4, branch 7 or branch 8 even 
though the leak does not occur on these three branches.  
 
In order to explain the above phenomena, we have to look at the definition of change 
ratio-A calculation, 




QQflow             (5.12) 
Where : the original flow rate in the branch under no-leak situation 1Q
      : the flow rate after the leakage occurs  2Q
In this equation, the divisor is the original flow rate in each branch. When equation 5.2 
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is used to calculate the change ratio of each branch, the final result is decided by two 
factors: the change of the flow rate in each branch (dividend) – which is caused by the 
leakage and may have the order of magnitude as the leakage, and the original flow rate 
of each branch (divisor). As mentioned before, the original flow rate in branch 4, 7 and 
8 is much smaller than the others. Hence it can be shown easily that with a more or 
less constant dividend, the smaller the divisor (original flow rate) is; a larger value will 
be obtained. Therefore the change ratio for branch 4, 7 and 8 will appear the largest or 
the smallest more often. 
So a new strategy is needed to reduce the influence caused by the small original flow 
rate on the change ratio and hopefully a more conclusive result can give some clue to 
predict the leakage location. 
 
5.3.2.2 Change ratio B 
According to the reasons mentioned above, another change ratio is developed to be 
used in this analysis; it is named as Change Ratio-B, 




QQflow               (5.13) 
where : the original flow rate in each branch under no-leak situation 1Q
      : the flow rate after the leakage occurs  2Q
      : the leaking flow rate of the network 3Q
It is seen that in equation 5.13 the divisor is the leaking flow rate of the network 
instead of the original flow rate at each branch in equation 5.12. Thus for the changing 
ratio of flow rate in each branch, with a constant divisor, the value is only affected by 
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the change of the flow rate in each branch.  
All diagrams in the Appendix E are generated based on change ratio-B. In these 
diagrams, the x-coordinate represents the location of the leakage in the leaking branch 
(m) and y-coordinate represents the change ratio in each branch (%). 
 
From these diagrams, it can be observed that with the usage of change ratio-B, it does 
provide us with conclusive indication for predicting leaking branch in the network in 
most cases. When leakage appears on a leaking branch, with the usage of change 
ratio-B, the leaking branch will give either the maximum ratio or minimum ratio most 
of the time. For instance, Figure 5.13 and Figure 5.14 individually show that change 
ratio of each branch under the different analysis methods (change ratio-B and change 
ratio-A). 








































Leakage location in branch 1(m)
Modified factor: leak flow rate/ unleak branch flow rate
 
Figure 5.13 Flow change ratio of each branch when leak in branch 1(ratio-B) 
Comparing the two figures, it can be found that in figure 5.13 the curves 1 and 1* are 
both the most outlying curves, one gives positively the maximum ratio and the other 
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negatively the maximum ratio. It means that the change ratio of branch 1 is the largest 
and that of branch 1* is the smallest under all conditions. On the other hand, in Figure 
5.14, curve 1 gives the highest ratio in most conditions but under some situations it 
becomes smaller than curve 3; but for curve 1*, it does not give either the highest or 
the least ratio in all conditions.  



































Leakage location in branch 1(m)
 
Figure 5.14 Flow change ratio of each branch when leak in branch 1(ratio-A) 
Though Change ratio B seems to provide a clear indicator for predicting the leaking 
branch, in some cases, it is found that the effectiveness of change ratio-B may be 
influenced by the location of the leakage.  
 
With varying the location of leakage on the leaking branch, the change ratio of the 
leaking branch may not be always either greatest or least in all ratios.  
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Leakage location in branch 2(m)
 
Figure 5.15 Flow change ratio of each branch when leak in branch 2(ratio-B) 
For example, in Figure 5.15, it shows that curve 2* gives the highest ratio in all 
conditions; but for curve 2, it gives the least ratio in most locations but on a small 
stretch on branch 2, the ratio is not the least among all the ratios.  
Although change ratio-B does not appear perfect in this case, it is obvious that change 
ratio-B is still better than change ratio-A. Comparing to Figure 5.11 (change ratio-A of 
branch 2), it can be found that the curves of branch 2 and branch 2* always cluster 
with other curves, thus it can not provide any useful information for the prediction of 
leakage. 
 
Unfortunately for some cases, change ratio-B does not seem to provide us the clear 
conclusive indication that we are hoping for. For example, in Figure 5.16 the change 
ratio of branch 11 is indeed the greatest; but for branch 11*, the change ratio is never 
the least or the greatest under all conditions. Then by comparing the difference of 
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change ratios between branch 11* and other branches, it is clueless for us to tell the 
leakage is on branch 11. But among all the branches, there are only two branches that 
have such problems; they are branches 3 and 11. 













































Leakage location in branch 11(m)
 
Figure 5.16 Flow change ratio of each branch when leak in branch 11 (ratio-B) 
 
After checking all diagrams in Appendix D, it can be concluded that the change ratio-B 
is much better in predicting leaking branch than change ratio-A in most cases. 
 
5.3.2.3 Conclusion of Change Ratio: 
In this section, the change ratio of flow rate in the branches under leak condition is 
studied. Compared with the change of flow rate, the change ratio can provide more 
useful information about leaking branch. Two methods of change ratio have been 
developed in this section.  
For change ratio-A, it can be found that it is good for predicting the leakage if the leak 
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is in the branch having very small original flow rate. But for other conditions, it is 
difficult to identify the leaking branch by comparing the values of change ratios 
For change ratio-B, in most cases and conditions, it has been proven to be better than 
change ratio-A, and it provides a reasonably good means in the prediction of the 
location of leakage in the network. Of course, this method may not be perfect for all 
cases; it does give some indications where the leakage may be in. 
 
5.4 Conclusion 
The study of the changing behaviors of flow rate in each branch by varying the 
location of leakage is important for understanding the trend of the change of flow rate 
when a leak occurs. In this chapter, some patterns have been obtained and listed as 
follow: 
z The flow rate change on the leaking branch will be the most significant when the 
location of leakage is shifted from one end to the end on this branch; 
z The flow rates in the branches which are in the same mesh as the leaking branch 
will also give a very significant change;  
z Among the branches which are in the same mesh as the leaking branch, those 
connected directly with the leaking branch seems to show a more significant 
change than those not connected to the leaking branch;  
z For those branches which are connected directly with the leaking branch but they 
are not in the same mesh as the leaking branch show a more significant change 
than those not connected to the leaking branch. 
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The above findings may be helpful for setting up an algorithm to identify the leaking 
branch; however, the possibility of identifying the correct leaking branch is not really 
very high. It is felt that the change ratio of flow rate seems to be more useful in 
predicting the leaking branch. In this chapter, two methods of change ratio are 
introduced. 
The first one is the change ratio-A. It is found that this ratio is more reliable when the 
leak appears on the branches with very low flow rate. The second one is the change 
ratio-B. It is found that the change ratio of leaking branch will most likely be the 
largest or the smallest in all ratios. So this will provide a better indication where the 
leaking branch is. These ideas will be used in predicting the location of leakage in the 
next chapter. 
 
In the following chapter, two methods will be developed for the prediction of leakage 
in the network. They are both based on the patterns obtained in this chapter. 
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Chapter6 
Prediction of the Leakage in the Pipeline Network 
 
6.1 Introduction 
In the earlier chapters, a pipeline network was analyzed by the transformation mesh 
method. The behaviors of the changing flow rate in each pipe within the network 
corresponding to the variation of the location of leakage and the change ratios of each 
branch within leak network were studied. Some patterns have been drawn from the 
analyses; it is believed that these findings can be useful in determining or predicting 
the location of leakage in the network.  
In this chapter, two programs based on the Mesh method are developed to predict the 
leakage in the network; they will be compared with each other to show their validities 
in reducing the time used in searching for the problematic pipe. 
 
6.2 Description of Method 
6.2.1 Description of the Problems about the Leakage 
As mentioned earlier, the analysis of pipe network is to find the flow rate in each pipe 
and the pressure difference between junction nodes. When leakage occurs, the original 
mass and energy balances in the network will be broken; this means the flow rates in 
the branches will be changed and the pressure drops will also be differed. 
In order to determine the problematic pipe in the network, either the flow rate or 
pressure drop in each pipe should be known. In practical situation the pressure drops 
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across pipes are usually not measured. So in order to simplify the problem, in this 
study we will only consider the changes of flow rate in the pipes as a basis for 
comparison. 
 
6.2.2 Description of Prediction Method 
Prediction of leaking location on a branch is to first find the problematic pipe in the 
network. It should be noted that in this study the prediction method aims to establish 
some searching algorithms and to save the time on finding the leaking branch. In the 
practical situation, the prediction is a very complicated problem where leakage may 
cause significant changes of flows and pressure drops in all pipes. There are too many 
possibilities of changes that may influence the prediction of the leaking branch when 
there is more than one leakage occurring in the network. So in this study, the case of 
leakage is restricted to only one. 
 
Here, let us first review the program used in analyzing pipe network, since the 
following two programs are developed from this one. 
For the analysis of pipe network, the basic steps of algorithm are listed as follows: 
1. Initialize the original transformation tensor for the leak or no-leak network and get 
the basic information of the network, such as the number of meshes and branch 
members in each mesh. 
2. Input all the external pressure sources and flow rates into the network. 
3. Assume the initial flow rates for pipes 
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4. Calculate the impedance for each pipe, using equations 5.8 and 5.9 
5. Based on the initial guess of the flow rate in each pipe, the new flow rate ic can be 
calculated and then compared with the initial guess. If all of them can pass the 
tolerances test (equation 5.10), we can proceed to the next step. If not, steps 4 and 
5 are repeated with the newly calculated values and until all pass the tolerance test. 
(equation 4.39 will be used in this step) 
6. Calculate Vo using the ic from step 5 by equation 4.29; 
7. Calculate eo by Vo from step 6 by using the equation 4.36. 
8. Store the flow characteristics of the system. 
The above procedures can be used to calculate the characteristics of both the leak and 
no-leak system. In the computation, the program will start from branch 1 then proceeds 
to branch 2 until the last branch. 



















0001.0          (6.1) 
Where  : flow rate through pipe i in iteration k kiQ
1−k
iQ : flow rate through pipe i in iteration k-1 
To predict the location of leakage in the network, the parts of identifying the leaking 
branch and finding the leakage location needs to be added into the above program. 
Then the flow sheet is revised as follow: 
1. Initialize the original transformation tensor for the no-leak network and get the 
basic information of the network, such as the number of meshes and branch 
members in each mesh. 
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2. Input all the external pressure sources and flow rates into the network. 
3. Assume the initial flow rates for pipes 
4. Calculate the impedance for each pipe, using equations 5.8 and 5.9 
5. Based on the initial guess of the flow rate in each pipe, the new flow rate ic can be 
calculated and then compared with the initial guess. If all of them can pass the 
tolerances test (equation 5.10), we can proceed to the next step. If not, steps 4 and 
5 are repeated with the newly calculated values and until all pass the tolerance test. 
(equation 4.39 will be used in this step) 
6. Calculate Vo using the ic from the step 5 by the equation 4.29; 
7. Calculate eo by Vo from step 6 by using the equation 4.36. 
8. Store the flow characteristics of the system. 
9. Initialize the original transformation tensor for the leak network and get the basic 
information of the network. The location of the leakage will also be provided. 
10. Repeat the steps 4 to 8 to get the data of the leak system. 
11. Use the compare program to find the difference between two systems and create 
the branches searching order. 
12. Start to check the branches according to the order from step 11 and find the 
leakage. 
13. Store the used time and the location of leakage. 
It should be noted that in step 11 the patterns from the last chapter are used in the 
program to create the search order. The tolerance in this program is also set at below 
0.0001. 
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In this chapter, two programs are developed for the prediction of leakage in the 
network, one based on the change-ratio A and the other based on the change-ratio B. 
The time used in searching for the leakage is recorded in each case, and they will be 
used to compare the effectiveness of the two methods later. 
 
Other than the above two programs, it is possible to determine the leakage by varying 
the leakage location to generate a set of data for the leak network. When the calculated 
data match the actual data from the leak network, the location of leakage is found. This 
method does not have any intelligent searching algorithm but simply starting from 
branch 1, then branch 2 until the last branch. As can be imagined, this method replies 
heavily on the speed of modern day’s computer, it can find the leakage eventually. If it 
is expected to find the location rapidly, it will depend on one’s luck. So this method is 
called the “silly method”. 
 
6.2.3 Description of Comparing Program 
The comparing program in the prediction program is used to find the difference 
between the leak and no-leak network and to create a searching order of the branches.  
 
In the last chapter, it was found the change ratio of the leaking branch may appear to 
give the greatest or the smallest among all the ratios; and by comparing the change 
ratio of each branch, it can suggest which branch is more likely to have the leakage. 
 73
Chapter 6 Prediction of the leakage in the network 
This idea is applied in the prediction program.  
 
For the comparing part, the flow sheet is listed in the following: 
1. Calculate the change ratio of flow rate in each pipe; 
2. Sort the change ratios according to their values; 
3. Create the searching order of the branches.. 
There are some pointed needed to be explained: 
In step 2, the true value is used in the calculation of the change ratios, and its result 
may be positive or negative.  
In step 3, the searching order is not simply from the branch with the largest change 
ratio to the branch with the smallest change ratio or vice versa. Since in the last chapter, 
it has been shown that the change ratio of the leaking branch could be the greatest or 
the smallest. The branches are therefore sorted in the following way: the largest, the 
smallest, the second largest, the second smallest, etc. Following this ordering, it could 
be shown that no matter whether the change ratio of leaking branch is the greatest or 
the least, it can be guaranteed that the leaking branch is searched at the earlier stage. 
 
6.3 Predict the Leakage in the Network 
As mentioned in the previous chapters, along the leaking branch, there are actually 
different values of flow rates that could be measured as shown in Figure 5.2. So there 
is a 50%-50% chance that either flow rates in the leaking branch can be measured 
when leakage occurs. To simplify the problem, we only select the branch * as the 
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leaking branch and the flow rate in branch * is considered in the prediction program. 
Two C++ programs are written as the prediction program, one is based on change 
ratio-A (Ratio-A) and the other is developed by change ratio-B (Ratio-B). The location 
of leakage is set to be have an increment of 5m along the leaking branch. This process 
is repeated for all branches by both programs and the time spent in finding leakage is 
recorded individually.  
The results are shown in Table 6.1 (ratio-A) and Table 6.2 (ratio-B). 
 
Comparing to the silly method, no matter which method we use, it is obvious that these 
two methods must be more effective in predicting the leaking branch and the time 
spent on searching for the leakage can be reduced. So we are only comparing these two 
methods (ratio-A and ratio-B) and the ‘silly’ method is not considered. 
The results of all the comparing diagrams are listed in Appendix F. 
From the comparison of the results, it can be found that in most cases, Ratio-B is more 
superior to Ratio-A in leakage searching.  
For example, Figure 6.1 shows the difference on the time (s) spent in finding the 
leakage on branch 1 by the two methods. 
 
From Figure 6.1, the time can be save more by the Ratio-B than by Ratio-A. It is 
because according to the rule which is used to sort the order of branch searching, 
branch 1 is the second branch to be searched in Ratio-B but in Ratio-A it is the fourth 
branch to be checked, so much time can be saved by Ratio-B (Figure 6.2). 
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Ratio-A Test Branch  
 Location (m) Branch 1 Branch 2 Branch 3 Branch 4 Branch 5 
5 33.58 56.301 32.306 12.443 23.083 
10 35.7 57.498 35.11 13.605 2.16 
15 36.152 58.33 36.183 14.448 3.532 
20 37.243 59.465 37.274 15.906 4.831 
25 37.784 60.376 38.315 16.843 5.47 
30 39.427 61.508 39.457 17.605 6.566 
35 40.528 62.63 41.029 18.677 30.013 
40 41.57 63.812 41.71 19.701 30.674 
45 64.833 64.58 42.702 21.012 31.826 
Ratio-A Test Branch  
 Location (m) Branch 6 Branch 7 Branch 8 Branch 9 Branch 10
5 21.703 12.63 12.32 121.815 1.27 
10 23.051 13.675 13.73 98.402 2.603 
15 23.803 14.905 14.671 103.97 46.53 
20 25.198 15.533 15.308 80.816 47.163 
25 26.032 16.908 16.859 81.878 47.827 
30 27.24 17.502 17.4 82.098 49.555 
35 28.405 18.882 18.907 84.071 50.022 
40 29.388 19.787 19.5 85.356 74.948 
45 30.56 20.703 21.02 87.153 75.95 
Ratio-A Test Branch  
 Location (m) Branch 11 Branch 12       
5 78.233 12.567       
10 58.394 13.3       
15 60.171 14.781       
20 37.022 15.283       
25 38.738 16.557       
30 39.54 39.072       
35 40.977 40.255       
40 41.733 41.688       
45 42.5 42.603       
Table 6.1 Results of prediction by Ratio-A 
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Figure 6.1 Time using in searching leakage in branch 1 
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Figure 6.2 Time saving by Ratio-B in branch 1 
 
 
Ratio-B Test Branch  
 Location (m) Branch 1 Branch 2 Branch 3 Branch 4 Branch 5 
5 12.642 1.352 12.753 1.372 12.84 
10 13.53 2.434 13.803 2.363 13.793 
15 14.531 3.525 14.506 3.45 14.816 
20 15.472 4.737 15.721 4.578 15.733 
25 16.664 5.688 16.811 5.59 16.698 
30 17.716 6.799 17.72 6.721 17.74 
35 18.817 7.871 18.631 7.843 18.801 
40 19.798 8.953 19.571 8.85 19.822 
45 20.88 10.045 20.789 9.895 20.672 
Ratio-B Test Branch  
 Location (m) Branch 6 Branch 7 Branch 8 Branch 9 Branch 10
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5 12.388 1.298 1.34 53.938 23.075 
10 13.512 2.34 2.451 2.53 2.479 
15 14.473 3.402 3.566 3.477 3.551 
20 15.605 4.601 4.72 4.56 4.752 
25 16.587 5.57 5.701 5.633 5.817 
30 17.61 6.501 6.736 6.498 6.933 
35 18.686 7.638 7.538 7.655 8.012 
40 19.422 8.71 30.79 8.704 9.332 
45 20.598 9.882 32.012 9.856 10.175 
Ratio-B Test Branch  
 Location (m) Branch 11 Branch 12       
5 1.338 1.3       
10 2.502 2.278       
15 3.674 3.411       
20 4.531 4.57       
25 5.775 5.692       
30 6.799 6.705       
35 7.698 7.623       
40 8.843 8.803       
45 10.005 9.652       
Table 6.2 Results of prediction by Ratio-B 
 
However, in some cases, it is find that Ratio-B may not be as good as Ratio-A. For 
example, Figure 6.3 shows the time used in searching the leakage in branch 8 by the 
two methods.  
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Figure 6.3 Time using in searching leakage in branch 8 
It is found that when the location of the leakage is more than 40m on branch 8, the 
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time used in searching for the leakage by ratio-A is less than that by ratio-B. The 
reason why this could happen can be explained by Figure 6.4 (change ratio-B), in 
which it shows from around 40 m the change ratio of branch 8* becomes the second 
largest then it will be the third in the searching order, before the 40 m mark, it is 
checked at the first position. But with the Ratio-A (Figure 5.15), the change ratio of 
branch 8* is always the smallest under any condition and it is always the second in the 
order of searching. 
Such problems also can be found in the cases of branch 5 and branch 10. 








































Leakage location in branch 8(m)
 
Figure 6.4 Flow change ratio of each branch when leak in branch 8(ratio-B) 
 
6.4 Conclusion 
To predict the leaking branch in the network is a complicated problem. By the ‘silly’ 
method it may take a long time to find the leak location if the leaking branch has a 
large number of the order. The two new methods based on the patterns obtained from 
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the analysis of the network are more promising.  
The results of the present work have shown that the main objectives have been 
achieved by using these two methods to determine the leaking branch in the network. 
The leaking branch of the network can be determined with known flow rate in each 
pipe and the leakage could be confirmed quickly. 
The time used for searching the leaking branch can be saved tremendously by the two 
methods. Method Ratio-B seems to be much better in most cases. 
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Chapter7 
Conclusion and Recommendation 
 
7.1 Conclusion 
In this study, we use the transformation method to analyze the change of the flow rate 
in pipe network with varied location of leakage in the branch and the changing ratio of 
flow rate in each branch under the leak condition. Two simple prediction methods are 
also developed based on the patterns obtained from the analysis of the network. They 
have been applied to predict the leakage location in the network, and the results show 
that they are effective in reducing the time used in searching for the leaking branch. 
 
The transformation method used in this study has been found to be robust and reliable 
and it does not have the convergence problems that are faced by the traditional 
methods. Hence, it is highly recommended for the application in the area of 
distributing systems. 
 
The result of the change behavior on the flow rate in network is very useful to provide 
a pattern and a way to predict the leakage location in the network. When using the 
change ratio to analyze the network, we find that it is even more useful in predicting 
leakage in practical situation. The greatest or smallest effect of change ratio mostly 
occurs in the leaking branch having low initial flow rate, however, it may not give a 
clear trend when the leaking branch has a high initial flow rate. In order to reduce the 
effect of the initial flow rate in prediction, we use the change ratio-B which only 
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considers the difference in the flow rates and leak flow to analyze the network 
behavior. It is found to be more reliable in finding the leakage location in the network. 
 
From previous chapters, it can be found that the application of these methods has 
shown their superiority in finding the leakage quickly since cleverer method are used 
to determine the leaking branch rather than the “silly” method, which chooses the 
“leaking branch” to test randomly. Comparing the time used for searching the leaking 
branch by two methods, Method Ratio-B seems much better than the other. By these 
results, a new method which is more effective in searching leaking branch presents. 
 
 
7.2 Recommendation for the further work 
In this study, the proposed methods are developed and also proved that they can be 
used for the prediction of the leakage. But there are some shortcomings that need to be 
overcome or revised for the future work.  
In this study, the two methods can suggest a searching order to find the leaking branch.  
Then the search will be carried out from one end of the pipe to the other end of the 
pipe with a small increment. There is no intelligent algorithm to find the leaking 
location on this branch. Further works may be done on this aspect. 
In this study one leakage is considered in the network so if there are more than one 
leakage in the network; the problem will become more complex and the methods 
developed in this study will not be able to handle. On the other hand, in this study we 
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only consider the leakage which occurs in the branch. But in reality, most leakages 
happen at the connection parts such as nodes, pumps. For this reason, additional work 
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Appendix A  
Simulation Results of Network in Leak System 
 
Leakage in branch 1 










Branch  1m 5m 10m 15m 20m 
1 -0.004343199 -0.004409862 -0.004497438 -0.004590544 -0.004690291
2 -0.003555799 -0.003604507 -0.003668265 -0.00373576 -0.003807742
3 0.0042126 0.004194645 0.004170827 0.004145216 0.00411745 
4 0.000417387 0.000427713 0.000440737 0.000453882 0.000467121
5 -0.004329756 -0.004336294 -0.004344521 -0.004352801 -0.004361114
6 -0.003912369 -0.003908581 -0.003903784 -0.003898919 -0.003893993
7 -0.001074188 -0.001017851 -0.000943299 -0.000863337 -0.00077683
8 -0.000300231 -0.000286064 -0.000267043 -0.000246296 -0.000223458
Leak * 0.000656801 0.000590138 0.000502562 0.000409456 0.000309709
9 -0.005656801 -0.005590138 -0.005502562 -0.005409456 -0.005309709
10 -0.0057874 -0.005805355 -0.005829173 -0.005854784 -0.00588255
11 -0.004582613 -0.004572287 -0.004559263 -0.004546118 -0.004532879
12 -0.006087631 -0.006091419 -0.006096216 -0.006101081 -0.006106007










Branch  25m 30m 35m 40m 45m 
1 -0.004798126 -0.004916789 -0.00504802 -0.005193912 -0.005354411
2 -0.003884729 -0.003969442 -0.004062321 -0.004164937 -0.00427717
3 0.004086603 0.004052654 0.004014301 0.003971025 0.00392276 
4 0.000480339 0.000493637 0.000506479 0.000518392 0.000528235
5 -0.004368872 -0.004377144 -0.004385334 -0.004392863 -0.004398877
6 -0.003888533 -0.003883507 -0.003878855 -0.003874472 -0.003870642
7 -0.000682213 -0.000576848 -0.000458459 -0.00032448 -0.000173825
8 -0.00019807 -0.000169146 -0.000135446 -9.66E-05 -5.21E-05 
Leak * 0.000201874 8.32E-05 -4.80E-05 -0.000193912 -0.000354411
9 -0.005201874 -0.005083211 -0.00495198 -0.004806088 -0.004645589
10 -0.005913397 -0.005947346 -0.005985699 -0.006028975 -0.00607724
11 -0.004519661 -0.004506363 -0.004493521 -0.004481608 -0.004471765






Leakage in branch 2 










Branch  1m 5m 10m 15m 20m 
1 -0.003225028 -0.00329238 -0.003381666 -0.003476278 -0.003576905
2 -0.006235657 -0.006374786 -0.006559637 -0.006755919 -0.006965264
3 0.003010629 0.003082406 0.00317797 0.00327964 0.003388359
4 0.000225619 0.000238306 0.000254943 0.000272248 0.000290355
5 -0.004138645 -0.004153908 -0.00417395 -0.004193738 -0.004213738
6 -0.003913026 -0.003915602 -0.003919007 -0.00392149 -0.003923382
7 -0.00200059 -0.001945926 -0.001873276 -0.00179597 -0.00171345 
8 0.000902397 0.000833196 0.000741037 0.000641849 0.000535024
Leak * -0.001235657 -0.001374786 -0.001559637 -0.001755919 -0.001965264
9 -0.006774972 -0.00670762 -0.006618334 -0.006523722 -0.006423095
10 -0.006989371 -0.006917594 -0.00682203 -0.00672036 -0.006611641
11 -0.004774381 -0.004761694 -0.004745057 -0.004727752 -0.004709645
12 -0.006086974 -0.006084398 -0.006080993 -0.00607851 -0.006076618










Branch  25m 30m 35m 40m 45m 
1 -0.003683878 -0.003797522 -0.003917908 -0.004045703 -0.004181644
2 -0.007188563 -0.007426791 -0.007680419 -0.007952296 -0.00824045 
3 0.003504685 0.003629268 0.003762511 0.003906593 0.004058806
4 0.000309289 0.00032909 0.000349713 0.000371662 0.000393739
5 -0.004233755 -0.004253529 -0.004272032 -0.004289762 -0.004307693
6 -0.003924467 -0.003924438 -0.003922319 -0.0039181 -0.003913954
7 -0.001625411 -0.001531568 -0.001431805 -0.001325959 -0.001212095
8 0.000419781 0.00029517 0.000159808 1.15E-05 -0.000144852
Leak * -0.002188563 -0.002426791 -0.002680419 -0.002952296 -0.00324045 
9 -0.006316122 -0.006202478 -0.006082092 -0.005954297 -0.005818356
10 -0.006495315 -0.006370732 -0.006237489 -0.006093407 -0.005941194
11 -0.004690711 -0.00467091 -0.004650287 -0.004628338 -0.004606261








Leakage in branch 3 










Branch  1m 5m 10m 15m 20m 
1 -0.00432275 -0.004305493 -0.004282872 -0.00425891 -0.004233375
2 -0.003556213 -0.003606307 -0.003671138 -0.003738832 -0.003809918
3 0.004233463 0.004300815 0.004388266 0.004479922 0.004576542
4 0.000413865 0.000409849 0.000404342 0.000398235 0.000391444
5 -0.00432815 -0.004328381 -0.004329003 -0.004330015 -0.004331454
6 -0.003914285 -0.003918532 -0.00392466 -0.00393178 -0.003940011
7 -0.001091115 -0.001104356 -0.00112147 -0.001139325 -0.001158069
8 -0.000319178 -0.000382282 -0.000463606 -0.000548142 -0.000636532
Leak * -0.000766537 -0.000699185 -0.000611734 -0.000520078 -0.000423458
9 -0.00567725 -0.005694507 -0.005717128 -0.00574109 -0.005766625
10 -0.005766537 -0.005699185 -0.005611734 -0.005520078 -0.005423458
11 -0.004586135 -0.004590151 -0.004595658 -0.004601765 -0.004608556
12 -0.006085715 -0.006081468 -0.00607534 -0.00606822 -0.006059989










Branch  25m 30m 35m 40m 45m 
1 -0.004205972 -0.004176312 -0.004143734 -0.004107866 -0.004068346
2 -0.003885059 -0.003965124 -0.004051601 -0.004145141 -0.004246306
3 0.004679087 0.004788811 0.004907867 0.005037275 0.00517796 
4 0.000383859 0.00037533 0.000365614 0.000354528 0.000341879
5 -0.004333373 -0.004335844 -0.004338979 -0.004342896 -0.004347713
6 -0.003949515 -0.003960513 -0.003973366 -0.003988368 -0.004005834
7 -0.001177886 -0.001199018 -0.00122188 -0.001246662 -0.001273532
8 -0.000729572 -0.000828298 -0.000934501 -0.001048907 -0.001172126
Leak * -0.000320913 -0.000211189 -9.21E-05 3.73E-05 0.00017796 
9 -0.005794028 -0.005823688 -0.005856266 -0.005892134 -0.005931654
10 -0.005320913 -0.005211189 -0.005092133 -0.004962725 -0.00482204
11 -0.004616141 -0.00462467 -0.004634386 -0.004645472 -0.004658121








Leakage in branch 4 










Branch  1m 5m 10m 15m 20m 
1 -0.003048105 -0.003043673 -0.00303867 -0.003034228 -0.003030377
2 -0.006049832 -0.00604767 -0.006045235 -0.006043058 -0.006041002
3 0.003001727 0.003003998 0.003006565 0.00300883 0.003010625
4 -0.001320761 -0.001380718 -0.001453453 -0.00152408 -0.001592984
5 -0.006452248 -0.00641458 -0.006368839 -0.006324391 -0.006281166
6 -0.002773009 -0.002795297 -0.002822292 -0.002848471 -0.00287415 
7 -0.000631135 -0.00057561 -0.000507877 -0.000441692 -0.00037664 
8 -0.000228718 -0.0002087 -0.000184273 -0.000160359 -0.000136475
Leak * 0.003679239 0.003619282 0.003546547 0.00347592 0.003407016
9 -0.006951895 -0.006956327 -0.00696133 -0.006965772 -0.006969623
10 -0.006998273 -0.006996002 -0.006993435 -0.00699117 -0.006989375
11 -0.006320761 -0.006380718 -0.006453453 -0.00652408 -0.006592984
12 -0.007226991 -0.007204703 -0.007177708 -0.007151529 -0.00712585 










Branch  25m 30m 35m 40m 45m 
1 -0.003027005 -0.0030241 -0.003021659 -0.003020042 -0.003018743
2 -0.006039239 -0.006037763 -0.006036578 -0.006035916 -0.006035448
3 0.003012234 0.003013663 0.003014919 0.003015874 0.003016705
4 -0.001660341 -0.001726406 -0.001791415 -0.001855945 -0.001919676
5 -0.006238818 -0.006197192 -0.006156149 -0.006115324 -0.006074919
6 -0.002899159 -0.002923598 -0.002947565 -0.002971269 -0.002994595
7 -0.000312654 -0.000249494 -0.000186926 -0.000124013 -6.16E-05 
8 -0.000113075 -9.01E-05 -6.74E-05 -4.46E-05 -2.21E-05 
Leak * 0.003339659 0.003273594 0.003208585 0.003144055 0.003080324
9 -0.006972995 -0.0069759 -0.006978341 -0.006979958 -0.006981257
10 -0.006987766 -0.006986337 -0.006985081 -0.006984126 -0.006983295
11 -0.006660341 -0.006726406 -0.006791415 -0.006855945 -0.006919676








Leakage in branch 5 










Branch  1m 5m 10m 15m 20m 
1 -0.003203081 -0.003181356 -0.003156937 -0.003136 -0.003117877
2 -0.006196061 -0.006173668 -0.006148877 -0.00612775 -0.006109839
3 0.00299298 0.002992313 0.002991939 0.00299175 0.002991962 
4 0.000180157 1.24E-05 -0.000186417 -0.000368025 -0.000535083
5 -0.00406462 -0.003788414 -0.003459149 -0.003150989 -0.002861815
6 -0.003884463 -0.003776047 -0.003645567 -0.003519014 -0.003396898
7 -0.001977076 -0.001831011 -0.001656645 -0.001495975 -0.00134704 
8 0.000891482 0.000783734 0.000653627 0.000527264 0.000404936 
Leak * -0.00906462 -0.008788414 -0.008459149 -0.008150989 -0.007861815
9 -0.006796919 -0.006818644 -0.006843063 -0.006864 -0.006882123
10 -0.00700702 -0.007007687 -0.007008061 -0.00700825 -0.007008038
11 -0.004819843 -0.004987633 -0.005186417 -0.005368025 -0.005535083
12 -0.006115537 -0.006223953 -0.006354433 -0.006480986 -0.006603102










Branch  25m 30m 35m 40m 45m 
1 -0.003102099 -0.003088289 -0.003076387 -0.003065853 -0.00305647 
2 -0.006094816 -0.006082433 -0.006073791 -0.006065522 -0.006057366
3 0.002992718 0.002994144 0.002997404 0.002999669 0.003000896 
4 -0.000689237 -0.000831704 -0.00096308 -0.001085289 -0.001199221
5 -0.002590185 -0.002334906 -0.002095234 -0.001870129 -0.001658572
6 -0.003279422 -0.00316661 -0.003058314 -0.002955418 -0.002857793
7 -0.001208664 -0.001080007 -0.000960533 -0.000848858 -0.000744309
8 0.000286705 0.000172466 6.09E-05 -4.43E-05 -0.000143103
Leak * -0.007590185 -0.007334906 -0.007095234 -0.006870129 -0.006658572
9 -0.006897901 -0.006911711 -0.006923613 -0.006934147 -0.00694353 
10 -0.007007282 -0.007005856 -0.007002596 -0.007000331 -0.006999104
11 -0.005689237 -0.005831704 -0.00596308 -0.006085289 -0.006199221








Leakage in branch 6 










Branch  1m 5m 10m 15m 20m 
1 -0.003050876 -0.003057602 -0.003066544 -0.003075861 -0.003085392
2 -0.006050191 -0.006048699 -0.006045707 -0.006041805 -0.006037241
3 0.002999315 0.002991097 0.002979163 0.002965944 0.002951849
4 -0.001290313 -0.001231602 -0.001162367 -0.001097238 -0.001035795
5 -0.006440109 -0.006355976 -0.00625647 -0.006162614 -0.006073851
6 -0.002730422 -0.002587578 -0.002418837 -0.002259851 -0.002109646
7 -0.000658811 -0.000710796 -0.000771089 -0.000826902 -0.000878814
8 -0.000268893 -0.000403519 -0.000560326 -0.000706093 -0.000842203
Leak * -0.007730422 -0.007587578 -0.007418837 -0.007259851 -0.007109646
9 -0.006949124 -0.006942398 -0.006933456 -0.006924139 -0.006914608
10 -0.007000685 -0.007008903 -0.007020837 -0.007034056 -0.007048151
11 -0.006290313 -0.006231602 -0.006162367 -0.006097238 -0.006035795
12 -0.007269578 -0.007412422 -0.007581163 -0.007740149 -0.007890354










Branch  25m 30m 35m 40m 45m 
1 -0.003095028 -0.003104684 -0.0031143 -0.003123831 -0.003133578
2 -0.006032193 -0.006026784 -0.006021116 -0.006015266 -0.006010197
3 0.002937165 0.002922099 0.002906816 0.002891435 0.002876619
4 -0.00097769 -0.000922635 -0.000870383 -0.000820714 -0.00077332
5 -0.005989733 -0.00590988 -0.00583397 -0.005761715 -0.005693724
6 -0.001967423 -0.001832514 -0.001704353 -0.001582429 -0.001467044
7 -0.000927282 -0.000972681 -0.001015317 -0.001055455 -0.001093103
8 -0.000969742 -0.001089585 -0.001202463 -0.001309006 -0.001409575
Leak * -0.006967423 -0.006832514 -0.006704353 -0.006582429 -0.006467044
9 -0.006904972 -0.006895316 -0.0068857 -0.006876169 -0.006866422
10 -0.007062835 -0.007077901 -0.007093184 -0.007108565 -0.007123381
11 -0.00597769 -0.005922635 -0.005870383 -0.005820714 -0.00577332








Leakage in branch 7 










Branch  1m 5m 10m 15m 20m 
1 -0.003200369 -0.003167521 -0.003127327 -0.003095662 -0.003048635
2 -0.006196218 -0.006173583 -0.006145903 -0.006124111 -0.006091771
3 0.002995849 0.003006061 0.003018576 0.003028449 0.003043136
4 0.000236168 0.000289735 0.000354775 0.000405651 0.000480664
5 -0.004144989 -0.004184605 -0.004232551 -0.004269934 -0.00432486
6 -0.003908821 -0.00389487 -0.003877775 -0.003864283 -0.003844196
7 -0.0020358 -0.002122214 -0.002227448 -0.002309989 -0.002432029
8 0.000912971 0.000888809 0.0008592 0.000835834 0.000801061
Leak * 0.0029642 0.002877786 0.002772552 0.002690011 0.002567971
9 -0.006799631 -0.006832479 -0.006872673 -0.006904338 -0.006951365
10 -0.007004151 -0.006993939 -0.006981424 -0.006971551 -0.006956864
11 -0.004763832 -0.004710265 -0.004645225 -0.004594349 -0.004519336
12 -0.006091179 -0.00610513 -0.006122225 -0.006135717 -0.006155804










Branch  25m 30m 35m 40m 45m 
1 -0.003009584 -0.002970382 -0.002930769 -0.002890467 -0.002849169
2 -0.006064937 -0.006038021 -0.006010843 -0.005983216 -0.005954933
3 0.003055353 0.003067639 0.003080074 0.003092749 0.003105763
4 0.000542491 0.00060416 0.000666094 0.000728731 0.000792544
5 -0.004369956 -0.004414778 -0.004459632 -0.00450483 -0.004550705
6 -0.003827465 -0.003810618 -0.003793538 -0.003776099 -0.003758161
7 -0.002532908 -0.002633778 -0.002735325 -0.002838264 -0.002943375
8 0.000772112 0.000742979 0.000713464 0.00068335 0.000652398
Leak * 0.002467092 0.002366222 0.002264675 0.002161736 0.002056625
9 -0.006990416 -0.007029618 -0.007069231 -0.007109533 -0.007150831
10 -0.006944647 -0.006932361 -0.006919926 -0.006907251 -0.006894237
11 -0.004457509 -0.00439584 -0.004333906 -0.004271269 -0.004207456








Leakage in branch 8 










Branch  1m 5m 10m 15m 20m 
1 -0.003339504 -0.003330376 -0.003318783 -0.003306932 -0.003294752
2 -0.005858888 -0.005883046 -0.005913693 -0.005944988 -0.005977103
3 0.002519384 0.00255267 0.00259491 0.002638056 0.002682351
4 5.84E-05 7.03E-05 8.54E-05 0.000100661 0.000116289
5 -0.004482199 -0.004458554 -0.004428401 -0.00439743 -0.004365452
6 -0.004423776 -0.004388229 -0.004343035 -0.004296769 -0.004249163
7 -0.001718919 -0.001739948 -0.001766583 -0.001793729 -0.001821537
8 -0.003095608 -0.003164441 -0.003251875 -0.003341286 -0.003433188
Leak * 0.001904392 0.001835559 0.001748125 0.001658714 0.001566812
9 -0.006660496 -0.006669624 -0.006681217 -0.006693068 -0.006705248
10 -0.007480616 -0.00744733 -0.00740509 -0.007361944 -0.007317649
11 -0.004941577 -0.004929676 -0.004914634 -0.004899339 -0.004883711
12 -0.005576224 -0.005611771 -0.005656965 -0.005703231 -0.005750837










Branch  25m 30m 35m 40m 45m 
1 -0.003282165 -0.003269077 -0.003255362 -0.003240849 -0.00322538
2 -0.006010243 -0.006044644 -0.006080596 -0.006118455 -0.006158698
3 0.002728078 0.002775567 0.002825234 0.002877606 0.002933318
4 0.000132344 0.000148931 0.000166098 0.00018386 0.00020258 
5 -0.004332246 -0.004297546 -0.004260968 -0.004221996 -0.00418021
6 -0.004199903 -0.004148615 -0.004094869 -0.004038136 -0.00397763
7 -0.001850179 -0.001879854 -0.001910737 -0.00194301 -0.0019772 
8 -0.003528175 -0.003626952 -0.003730365 -0.00383947 -0.003955688
Leak * 0.001471825 0.001373048 0.001269635 0.00116053 0.001044312
9 -0.006717835 -0.006730923 -0.006744638 -0.006759151 -0.00677462
10 -0.007271922 -0.007224433 -0.007174766 -0.007122394 -0.007066682
11 -0.004867656 -0.004851069 -0.004833902 -0.00481614 -0.00479742








Leakage in branch 9 










Branch  1m 5m 10m 15m 20m 
1 -0.000605855 -0.000874194 -0.001171547 -0.001438256 -0.001681041
2 -0.004451611 -0.00463595 -0.004838289 -0.005018876 -0.005182188
3 0.003845756 0.003761757 0.003666742 0.00358062 0.003501147
4 0.000536052 0.000549387 0.000576325 0.000608611 0.000643468
5 -0.004403005 -0.004410834 -0.004427631 -0.004447261 -0.004468423
6 -0.003866954 -0.003861447 -0.003851307 -0.00383865 -0.003824955
7 6.98029E-05 0.000324807 0.000595223 0.000829645 0.001037572
8 2.12E-05 9.97E-05 1.85E-04 2.58E-04 3.24E-04 
Leak * -0.004394145 -0.004125806 -0.003828453 -0.003561744 -0.003318959
9 -0.009394145 -0.009125806 -0.008828453 -0.008561744 -0.008318959
10 -0.006154244 -0.006238243 -0.006333258 -0.00641938 -0.006498853
11 -0.004463948 -0.004450613 -0.004423675 -0.004391389 -0.004356532
12 -0.006133046 -0.006138553 -0.006148693 -0.00616135 -0.006175045










Branch  25m 30m 35m 40m 45m 
1 -0.001904103 -0.002110431 -0.002302264 -0.002481364 -0.002649146
2 -0.005331317 -0.005468482 -0.005595348 -0.005713223 -0.005823153
3 0.003427214 0.003358052 0.003293084 0.003231858 0.003174008
4 0.000679531 0.000715996 0.000752359 0.000788299 0.000823602
5 -0.00449027 -0.004512308 -0.004534232 -0.004555846 -0.004577026
6 -0.003810739 -0.003796312 -0.003781872 -0.003767547 -0.003753425
7 0.001224573 0.001394435 0.001549905 0.001693066 0.001825544
8 3.84E-04 4.38E-04 4.89E-04 5.36E-04 5.79E-04 
Leak * -0.003095897 -0.002889569 -0.002697736 -0.002518636 -0.002350854
9 -0.008095897 -0.007889569 -0.007697736 -0.007518636 -0.007350854
10 -0.006572786 -0.006641948 -0.006706916 -0.006768142 -0.006825992
11 -0.004320469 -0.004284004 -0.004247641 -0.004211701 -0.004176398








Leakage in branch 10 










Branch  1m 5m 10m 15m 20m 
1 -0.00400713 -0.003936071 -0.003853187 -0.003775819 -0.003703193
2 -0.004399333 -0.004571904 -0.00476696 -0.004943518 -0.005104841
3 0.000392202 0.000635833 0.000913773 0.001167699 0.001401648
4 0.000321477 0.000296691 0.000266458 0.000237093 0.000208624
5 -0.004356085 -0.004367009 -0.004381131 -0.004395436 -0.004409696
6 -0.004034608 -0.004070318 -0.004114673 -0.004158342 -0.004201072
7 -0.001314347 -0.00136062 -0.001413271 -0.001461274 -0.001505431
8 -0.001357594 -0.001565515 -0.0017991 -0.002009356 -0.002200576
Leak * -0.009607798 -0.009364167 -0.009086227 -0.008832301 -0.008598352
9 -0.00599287 -0.006063929 -0.006146813 -0.006224181 -0.006296807
10 -0.004607798 -0.004364167 -0.004086227 -0.003832301 -0.003598352
11 -0.004678523 -0.004703309 -0.004733542 -0.004762907 -0.004791376
12 -0.005965392 -0.005929682 -0.005885327 -0.005841658 -0.005798928










Branch  25m 30m 35m 40m 45m 
1 -0.003634743 -0.003569618 -0.003508261 -0.003450004 -0.003394594
2 -0.005253288 -0.005390084 -0.005517766 -0.005636903 -0.005748427
3 0.001618546 0.001820466 0.002009505 0.002186899 0.002353833
4 0.000181055 0.000154149 0.000128052 0.000102928 7.87E-05 
5 -0.004423769 -0.004436911 -0.004450149 -0.004463101 -0.00447574
6 -0.004242713 -0.004282762 -0.004322097 -0.004360173 -0.004396998
7 -0.001546313 -0.001584531 -0.001619791 -0.001652924 -0.001684148
8 -0.002375832 -0.002537704 -0.002687407 -0.002826726 -0.002956835
Leak * -0.008381454 -0.008179534 -0.007990495 -0.007813101 -0.007646167
9 -0.006365257 -0.006430382 -0.006491739 -0.006549996 -0.006605406
10 -0.003381454 -0.003179534 -0.002990495 -0.002813101 -0.002646167
11 -0.004818945 -0.004845851 -0.004871948 -0.004897072 -0.004921258








Leakage in branch 11 










Branch  1m 5m 10m 15m 20m 
1 -0.00301866 -0.003025455 -0.003040396 -0.003059644 -0.003081636
2 -0.006035415 -0.006038434 -0.006046054 -0.006055442 -0.00606619
3 0.003016755 0.00301298 0.003005658 0.002995798 0.002984554
4 0.00307701 0.003306378 0.00357299 0.003821682 0.004055314
5 -0.006072814 -0.006217843 -0.00638543 -0.006541539 -0.006687605
6 -0.002995804 -0.002911465 -0.00281244 -0.002719857 -0.002632292
7 -5.83E-05 -0.000280923 -0.000532594 -0.000762037 -0.000973677
8 -2.10E-05 -0.000101514 -0.000193218 -0.00027594 -0.000352262
Leak * -0.00192299 -0.001693622 -0.00142701 -0.001178318 -0.000944686
9 -0.00698134 -0.006974545 -0.006959604 -0.006940356 -0.006918364
10 -0.006983245 -0.00698702 -0.006994342 -0.007004202 -0.007015446
11 -0.00692299 -0.006693622 -0.00642701 -0.006178318 -0.005944686
12 -0.007004196 -0.007088535 -0.00718756 -0.007280143 -0.007367708










Branch  25m 30m 35m 40m 45m 
1 -0.003105506 -0.003130672 -0.003156721 -0.003183346 -0.003210318
2 -0.006077866 -0.006090176 -0.006102913 -0.006115921 -0.006129085
3 0.00297236 0.002959504 0.002946192 0.002932575 0.002918767
4 0.004275811 0.00448465 0.004683011 0.004871869 0.005052043
5 -0.006824903 -0.006954426 -0.007076972 -0.007193211 -0.007303705
6 -0.002549093 -0.002469776 -0.002393961 -0.002321342 -0.002251661
7 -0.001170305 -0.001353978 -0.00152629 -0.001688523 -0.001841725
8 -0.000423268 -0.000489728 -0.000552231 -0.000611233 -0.000667105
Leak * -0.000724189 -0.00051535 -0.000316989 -0.000128131 5.20434E-05
9 -0.006894494 -0.006869328 -0.006843279 -0.006816654 -0.006789682
10 -0.00702764 -0.007040496 -0.007053808 -0.007067425 -0.007081233
11 -0.005724189 -0.00551535 -0.005316989 -0.005128131 -0.004947957








Leakage in branch 12 










Branch  1m 5m 10m 15m 20m 
1 -0.003138356 -0.003122273 -0.003104232 -0.003087937 -0.003073606
2 -0.006006227 -0.006016473 -0.006028105 -0.006036977 -0.006043806
3 0.002867872 0.0028942 0.002923873 0.00294904 0.0029702 
4 -0.000748749 -0.000829102 -0.000926867 -0.001021992 -0.001114599
5 -0.005657108 -0.00577413 -0.005917025 -0.006054881 -0.006188669
6 -0.006405857 -0.006603232 -0.006843892 -0.007076873 -0.007303267
7 -0.001112895 -0.001048625 -0.000968901 -0.000890071 -0.000811795
8 -0.001462015 -0.001290968 -0.001079981 -0.000872167 -0.000666933
Leak * -0.003594143 -0.003396768 -0.003156108 -0.002923127 -0.002696733
9 -0.006861644 -0.006877727 -0.006895768 -0.006912063 -0.006926394
10 -0.007132128 -0.0071058 -0.007076127 -0.00705096 -0.0070298 
11 -0.005748749 -0.005829102 -0.005926867 -0.006021992 -0.006114599
12 -0.008594143 -0.008396768 -0.008156108 -0.007923127 -0.007696733










Branch  25m 30m 35m 40m 45m 
1 -0.003061 -0.003050655 -0.003042913 -0.003035996 -0.003028933
2 -0.006047872 -0.006050412 -0.006050748 -0.00604896 -0.006050358
3 0.002986871 0.002999756 0.003007835 0.003012964 0.003021424
4 -0.001204985 -0.001293164 -0.001379512 -0.001463742 -0.001544337
5 -0.006317944 -0.006444379 -0.006568571 -0.006687269 -0.006800737
6 -0.00752293 -0.007737542 -0.007948083 -0.008151011 -0.008345074
7 -0.000734014 -0.000656181 -0.000577575 -0.000500262 -0.000426729
8 -0.000463942 -0.000262214 -5.98E-05 0.000138047 0.00032365 
Leak * -0.00247707 -0.002262458 -0.002051917 -0.001848989 -0.001654926
9 -0.006939 -0.006949345 -0.006957087 -0.006964004 -0.006971067
10 -0.007013129 -0.007000244 -0.006992165 -0.006987036 -0.006978576
11 -0.006204985 -0.006293164 -0.006379512 -0.006463742 -0.006544337




Appendix B  
 Flow Rate in Each Branch When Leakage Occurs 
 
 
Leakage in branch 1 







































Leakage in branch 1(m)
 
Leakage in branch 2 













































Leakage in branch 3 







































Leakage in Branch 3(m)
 
 
Leakage in branch 4 













































Leakage in branch 5 









































Leakage in branch 5(m)
 
 
Leakage in branch 6 













































Leakage in branch 7 






































Leakage in branch 7(m)
 
 
Leakage in branch 8 













































Leakage in branch 9 








































Leakage in branch 9(m)
 
 
Leakage in branch 10 













































Leakage in branch 11 








































Leakage in branch 11(m)
 
 
Leakage in branch 12 













































Appendix C  
 Flow Rate in Particle Branch under Different Conditions 
 
Flow rate in branch 1 









































When leakage happened in different branch(m)
 
 
Flow rate in branch 2 

















































Flow rate in branch 3 












































Flow rate in branch 4 

















































Flow rate in branch 5 















































Flow rate in branch 6 


















































Flow rate in branch 7 













































Flow rate in branch 8 
















































Flow rate in branch 9 















































Flow rate in branch 10 



















































Flow rate in branch 11 















































Flow rate in branch 12 

















































Appendix D  
Change Ratio-A of Flow Rate in Each Branch  
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Appendix E  
Change Ratio-B of Flow Rate in Each Branch  
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Appendix F  
Time Spent in Searching Leakage by Two Methods 
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